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ABSTRACT

Gerovac, Joshua R. M.S., Purdue University, December 2014. Using Energy-Efficient
Technologies to Produce Bedding Plants and Microgreens in Protected and Controlled
Environments. Major Professor: Roberto G. Lopez.

Production of bedding plants in commercial greenhouses (GHs) located in northern
latitudes begins in late winter and continues through late spring when low outdoor
temperatures generally necessitate active heating to maintain temperatures suitable for
growth and development. Meanwhile, year-round production of microgreens using multilayer systems requires sole-source (SS) photosynthetic lighting for production. Energy
used to provide active heating in commercial GHs or SS lighting in multi-layer systems is
second only to labor as the most expensive indirect cost for specialty crop production in
controlled environments. High-tunnels (HTs), root-zone heating (RZH), and lightemitting diodes (LEDs) are energy-efficient technologies used for protected and
controlled environment production of specialty crops. However, limited research-based
information is available regarding HTs or RZH for energy-efficient bedding plant
production, or SS LEDs for microgreen production. The objectives of this study were to
quantify the effects of: 1) three transplant dates in an unheated HT compared to a heated
GH on growth and development of cold-tolerant bedding plants (Experiment 1); 2) five
RZH temperatures in combination with reduced GH air temperatures compared to a
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commercial air temperature (control: CC) on growth and development of cold-tolerant, intermediate, and -sensitive bedding plants (Experiment 2); and 3) LEDs of different light
qualities and intensities on growth, morphology and phytochemical content of Brassica
microgreens (Experiment 3). In Experiment 1, dianthus and petunia transplanted in week
13 were 33% and 47% shorter and had 51% and 31% more visible buds, respectively,
when grown in a HT compared to a GH. However, there was a one week delay in time to
flower (TTF) for dianthus and petunia in the HT, compared to the GH. In Experiment 2,
as RZH temperature set-points increased, TTF of all cold-tolerant and -intermediate
species decreased; however, there was a delay in TTF when compared to the CC. For
example, compared to petunia and marigold grown with no RZH, TTF decreased by 10
and 6 d, respectively, when grown with a RZH set point of 27 °C. However, TTF of both
species was delayed by 4 d when grown with a RZH set point of 27 °C and a reduced air
temperature, compared to the CC. In Experiment 3, regardless of SS LED light quality, as
daily light integral (DLI) increased from 6 to 18 mol·m–2·d–1 hypocotyl length decreased
and percent dry weight increased for kohlrabi, mustard, and mizuna microgreens.
Additionally, an increased DLI and light ratios (%) of red:blue 87:13 or red:far-red:blue
84:7:9, significantly increased total anthocyanins of kohlrabi compared with those grown
under red:green:blue 74:18:8. Overall, the results obtained from these experiments
indicate that HTs, RZH, and SS LEDs can be used for bedding plant or microgreen
production and could reduce energy costs.

1

LITERATURE REVIEW

Introduction
Annual bedding plants are the most valuable sector of the commercial floriculture
industry, accounting for 62% of the reported wholesale value of $5.9 billion in the United
States (USDA, 2014). The production of bedding plants in commercial greenhouses
(GHs) located in northern latitudes typically begins in late winter and continues through
spring. Low outdoor temperatures during production necessitate active heating of GHs to
maintain temperatures suitable for growth and development (Blanchard and Runkle,
2011). With increased prices of propane, heating oil, and natural gas over the past decade,
the cost to heat commercial GHs has significantly increased (EIA, 2013). Currently, the
energy used to heat commercial GHs is second only to labor as the most expensive
indirect cost for bedding plant production, accounting for 10% to 30% of total operating
costs (Brumfield, 2007; Frantz et al., 2010; Langton et al., 2006). Increased fuel and labor
costs, along with stagnant wholesale prices, have significantly reduced the profit margin
of bedding plants. As fuel and labor costs continue to rise, commercial GH growers
continue to search for energy-efficient technologies to maintain profitable production of
bedding plants.
Reduced profit margins for bedding plants have also led growers to search for
alternative specialty crops to produce throughout the year. Microgreens are a new
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specialty crop marketed to upscale grocery stores, restaurants, and farmers markets.
Commercial GH growers and urban agriculture entrepreneurs have recently become
interested in producing microgreens due to their short production time and high market
value (Resh, 2013; Treadwell et al., 2010). Several commercial growers are currently
producing microgreens in GHs using soilless media in trays, or hydroponically, using
capillary mats placed in troughs, similar to the nutrient film technique (NFT) system.
Another technique uses a combination of hydroponics and sole-source (SS) electric
lighting in multi-layer production systems (Resh, 2013). However, multi-layer production
facilities have substantial energy costs because of the electrical energy required to
provide SS lighting (Goto, 2012). Since SS lighting in multi-layer production is located
in close proximity to the crop canopy, high-intensity discharge (HID) lamps, such as
high-pressure sodium (HPS) or metal halide (MH), cannot be used because of the high
amount of heat radiated and poor light uniformity (Sherrard, 2011). High-frequency
fluorescent lamps have traditionally been used for SS lighting in these operations.
However, growers continue to search for more energy-efficient technologies to reduce
electrical energy consumption (Goto, 2012).

Effects of Temperature on Bedding Plant Development
Plant development can be defined as the process by which plant organs originate
and mature (Heins et al., 2000). Biologically important reactions that influence plant
development are limited to a temperature range between ≈0 to 50 ºC (Leopold, 1964).
The rate of plant development depends on the rate of enzymatic reactions in plant tissues
(Leopold, 1964). Temperature significantly influences the rate of enzymatic reactions,
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and the temperature coefficient (Q10) is sometimes used as a method to quantify
biological reactions. The Q10 is a ratio of a reaction rate at one temperature compared to
the rate of a reaction 10 ºC higher. Physical reactions such as diffusion have a relatively
low Q10 (1.2 to 1.4), however, enzymatic reactions can range anywhere from 1.3 to 5. As
temperature increases, the rate of enzymatic reactions increase linearly until a maximum
temperature is obtained, and then they begin to decrease (Leopold, 1964).
Since plant development depends on the rate of enzymatic reactions in tissues,
developmental rates have similar responses to temperature, specifically average daily
temperature (ADT) (Heins et al., 2000). Average daily temperature can be calculated by
measuring and recording air temperatures (e.g., every 10 to 30 s) over a 24-h period to
calculate the daily average (Blanchard and Runkle, 2011). Commercial greenhouse
growers use ADT to regulate plant developmental stages such as leaf unfolding and
flowering. Most commercial bedding plant growers are interested in development rates to
reach a growth stage (e.g. flowering) when plants are considered marketable (Blanchard
and Runkle, 2011). The rate at which development occurs can be calculated by measuring
the reciprocal of the time it takes to reach a developmental stage. For example, flowering
rate can be determined by taking the reciprocal of the number of days (d) from transplant
until an inflorescence develops an open flower (Lopez and Runkle, 2004).
All crops have a species-specific base temperature (Tb) at or below which
development will not occur. Above the Tb, developmental rates increase with temperature
until an optimum temperature (To) is reached. At temperatures above the To, plant
development decreases (Heins et al., 2000; Roberts and Summerfield, 1987). For many
bedding plant species, the relationship between ADT and development rates are
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correlated linearly when the ADT is above Tb and below To (Adams et al., 1998;
Kaczperski et al., 1991; Vaid and Runkle, 2013). For example, Kaczpersiki et al. (1991)
grew petunia (Petunia ×hybrida ‘Snow Cloud’) with a daily light integral (DLI) of 13
mol·m–2·d–1 and ADTs of 10, 15, 20, 25, or 30 °C. As temperatures increased from 10 to
25 °C, time to flower (TTF) decreased linearly until a To of ≈25 °C and increased when
plants were grown at 30 °C. This linear relationship allows development rates to be
calculated using ADT as long as the temperature stays between Tb and To (Heins et al.,
2000).
This linear relationship between temperature and plant developmental rates can be
useful to estimate Tb and the thermal time required to reach a particular developmental
stage [degree days (°C·d–1)] (Roberts and Summerfield, 1987). A linear relationship
between the rate of development and the ADT between Tb and To can be described
mathematically as:
1/d = a + bT

[1]

Where 1/d is the rate of development of a particular event, a = slope, b = intercept, and T
= ADT between Tb and To. Equation [1] can be used to calculate Tb using:
Tb = –a / b

[2]

The thermal time required to reach a particular developmental stage can be quantified in
degree-days (°C·d–1) using equation [1] as:
°C·d–1 = 1 / b

[3]

Using equation [2] to estimate Tb is useful for bedding plant production because it helps
to categorize species into three temperature-response types: cold-tolerant (Tb < 4 °C),
cold-intermediate (4 °C < Tb < 7 °C), and cold-sensitive (Tb > 7 °C) (Blanchard and
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Runkle, 2011). Bedding plants are generally grown at ADTs 11 to 17 °C greater than
their Tb to effectively schedule crops to reach market dates (Blanchard and Runkle,
2011).
Commercial production of bedding plants requires precise control of
developmental rates to ensure plants meet a size and quality requirement at a specific
market date. They are generally considered high-quality when they have one open flower,
are compact, fill in the container, and are well-branched (Faust, 2011). The ratio of light
intensity to temperature, defined as the photothermal ratio, influences the quality of
bedding plants. Plants grown under a low DLI and high ADT develop quickly but
become elongated and are typically of lower quality. Plants grown under a high DLI and
low ADT are usually more compact, but develop slowly (Liu and Heins, 2002). Growers
can also use temperature to manipulate plant morphology to inhibit stem elongation and
to improve plant quality. In many plant species, stem elongation is influenced by the
difference between the day and night temperatures, or DIF. Stem elongation is promoted
when day temperatures are warmer than night temperatures (+DIF) and suppressed when
day temperatures are cooler than night temperatures (–DIF) (Erwin et al., 1989;
Kaczperski et al., 1991). The effects of cooler day temperatures to create a –DIF are
generally perceived by plants the most from approximately 30 min before sunrise to
about three hours after sunrise. This response has enabled growers to use a strategy called
DIP or DROP. Using a temperature DROP, growers lower the air temperature set point in
the early morning period to simulate a cooler day, then raise the temperature in the late
morning to increase the ADT (Blanchard and Runkle, 2011).
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The rate of development to reach a certain developmental stage (e.g., flowering)
is based largely on the ADT throughout the production cycle (Blanchard and Runkle,
2011). Greenhouse growers change air temperature set points to achieve a desired ADT
in controlled environments. However, the ADT of the plant, specifically shoot tip
temperature, controls the rate of development, and air and shoot tip temperatures can
differ by ± 5 °C, depending on the environment (Faust and Heins, 1998; Harris and Scott,
1969). Therefore, knowledge of energy transfer between plants and their environment is
critical to precisely time crop development to meet specific market dates.

Regulating Greenhouse Temperature
Plant temperature is influenced by the transfer of energy between plant tissues and
the environment in which they are growing. The energy exchanged between plants and
their environment is mainly influenced by radiation, convection, and conduction
(Leopold, 1964; Rearden, 2011). Radiant energy in the infrared waveband (1,500 to
30,000 nm) is absorbed by plants from the sun, supplemental, or SS lighting, and all
objects in the controlled environment (Hicklenton and Heins, 1997). Forced convection
influences plant temperature through the movement of air in the boundary layer of plant
tissue. Conductive energy is transferred to plants through direct contact with objects in
the growing environment (Rearden, 2011). Plants also have the ability to regulate leaf
tissue temperature within growing environments through transpiration. The evaporation
of one gram of water from a leaf surface at 25 ºC uses 2,436 Joules of energy, which
reduces leaf temperatures (Hicklenton and Heins, 1997). This substantial dissipation of
energy through evaporation is referred to as latent heat transfer. The amount of latent heat
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that is transferred from a leaf due to transpiration varies based on the temperature,
humidity, and air movement of the environment (Hicklenton and Heins, 1997).
In GHs the main environmental and cultural factors that influence plant
temperature during the day are air, media, and irrigation water temperatures, water
volume, horizontal air flow (HAF) fans, and solar or supplemental light that is not
absorbed by the plant for photosynthesis. During the night, plant temperature can
decreases from a loss of thermal long-wave infrared radiation and convection (Blanchard
and Runkle, 2011). Controlled environment production of plants in GHs requires a
system to monitor and regulate temperature. Depending on the growing season and GH
location, heating, cooling, or a combination of both may be necessary to achieve
appropriate temperatures for plant growth and development. Since GHs have poor
thermal resistance, heating systems must provide heat at the same rate at which it is lost
through conduction, infiltration, and radiation (Nelson, 2003).
Within a GH there are three systems most commonly used for heating. The most
commonly used system in the U.S., accounting for ≈60% of new heating equipment
purchased by greenhouse growers, is the unit heater (Rearden, 2011). Unit heaters use a
fan to move air across a self-contained heating element to distribute warm air in the GH.
While unit heaters are the most common system in the U.S., the majority of GHs around
the world use hot water systems. Water is ≈96% more conductive than air, so it is a more
efficient medium used to transport and deliver heating energy (Rearden, 2011). Hot water
systems consists of a central boiler to produce hot water, and steel or aluminum pipes
placed around the perimeter of the GH, under benches, above benches, or in the floor to
dissipate heat throughout the growing area (Nelson, 2003). The third most common
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heating system uses infrared heat to warm plant tissues and other objects in the
production area. These systems are typically mounted to GH trusses and run the length of
the house (Rearden, 2011).
In northern latitudes, GHs also require cooling (ventilation) throughout the year.
Solar radiation heats the air within the GH during the day and any excess heat must be
removed from the GH. Hot air can be pulled out actively by an exhaust fan, or passively
by an open vent. The major challenge of cooling during the winter is to mix the cold
outside air with warm air before it reaches the plants (Nelson, 2003). Horizontal air flow
fans are used to pull cold air from a louvered inlet located at the top of the GH and mix
the air before it reaches the plant canopy (Rearden, 2011). In addition to roof ventilation,
summer cooling is also achieved through the use of evaporative cooling systems. The
same concept that plants use with transpiration can be used in a GH to cool the air. The
two evaporative cooling systems that are commonly in use today are fan and pad and fog.
A fan and pad system runs water over a corrugated cellulose material on one end of the
GH. An exhaust fan on the opposite wall pulls air from a vent located behind the pad.
Water evaporates as warm air is pulled through the pad. Through the process of
evaporation, the water absorbs heat and cools the air (Nelson, 2003; Rearden, 2011). Fog
cooling systems use the same general cooling principles as the fan and pad systems where
air is cooled through the evaporation of water. However, the mechanism used to
evaporate water is very different. A fog system utilizes a high-pressure pump to generate
fog containing water droplets with a mean size of 10 microns. The water droplets have to
be small enough to stay suspended in air while they evaporate, which extracts heat from
the air (Nelson, 2003; Rearden, 2011).
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With the detailed environmental control required to maintain temperatures, most
commercial GHs built in the 21st century utilize an environmental control system to
regulate temperature. Temperature sensors are placed throughout the GH to monitor
changes in temperature. These sensors (and sometimes other sensors such as light meters)
relay environmental conditions to a computer that regulates heating and cooling based on
set points established by a grower. Proper placement of sensors at plant height is
necessary if the grower wants an accurate measurement of air temperature. Air
temperature set points can be customized depending on the crop being grown, production
stage, market date, etc. (Nelson, 2003; Rearden, 2011).

Energy-Efficient Bedding Plant Production
A common objective among commercial GHs producing bedding plants is to
produce high-quality crops as efficiently and quickly as possible (Kaczperski et al.,
1991). This has become an increasingly important objective in recent years, as profit
margins for commercial GHs have generally decreased due to stagnant wholesale prices
in combination with rising labor and energy costs. To reduce costs associated with
heating, growers have installed thermal energy curtains, increased insulation, switched to
alternative fuel sources, and purchased energy-efficient heaters (Blanchard and Runkle,
2011). Additionally, some growers in northern latitudes are starting to grow bedding
plants in high tunnels (HT) to further reduce or eliminate heating costs (personal
communication, Steve Hood). An HT is a single layer polyethylene-covered structure that
typically lacks automated ventilation, is heated by solar radiation, and is cooled through
side or end walls that are manually opened and closed (Lamont, 2009). High tunnels have
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traditionally been used in temperate and tropical regions of the world to exclude rain
from crops to reduce disease pressure and crop loss (Lamont, 2009). Recently they have
also been used in temperate northern latitudes to extend the production season and
improve the quality of high-value horticultural crops, including vegetables (Borrelli et al.,
2013; Hunter et al., 2012; O’Connell et al., 2012), fruits (Kadir et al., 2006; Rowley et
al., 2010) and cut flowers (Ortiz et al., 2012; Wien, 2009). For example, O’Connell et al.
(2012) grew tomato (Solanum lycopersicum L. ‘Cherokee Purple’) under HT and open
field systems, and reported that yield was increased by 33% for plants grown in the HT
compared to those grown in the open field. Additionally, incidents of tomato spotted wilt
virus and gray leaf spot were lower in the HT compared to the open field (O’Connell et
al., 2012).
Recent research has also shown that growers can utilize HTs to reduce or
eliminate heating costs associated with finishing cold-tolerant bedding plants in northern
latitudes compared to those grown in a GH. Currey et al. (2014) reported that dianthus
(Dianthus chinensis), petunia, and pansy (Viola ×cornuta) could be produced in a HT
with little to no delay in time to flower compared to a heated GH. For example, dianthus,
petunia, and pansy grown in a HT were delayed by 4, 4, and 0 d, respectively, compared
to a GH. However, a −6 °C night resulted in the death of several cold-sensitive and coldintermediate species. While there are risks associated with HT production, the energy
savings can be dramatic when compared to GH production. Aside from the initial cost of
installation, there are no energy costs as long as active heating is not used with HT
production (Lamont, 2009). However, a grower’s ability to predict when their crops will
be ready for market is not possible in a HT due to lack of temperature control.
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Root-zone heating (RZH) in combination with reduced air temperature set points
is another strategy that growers can use to reduce energy costs for bedding plant
production. However, only 7% of GH growers in the U.S. have taken advantage of this
strategy, at least partly because of the lack of crop-specific production information
(Brumfield et al., 2009). The most common RZH system includes a hot water heat
source, distribution piping, a pump, and a thermostat control system (Bartok, 2006). The
containers in contact with the tubing are heated through conduction and convection,
while the air surrounding the tubing and crop canopy are heated through convection
(Bartok, 2006). Agricultural engineering studies have reported that GH soil, floor, and
bench-top RZH systems can provide potential energy savings of up to 50% when
compared to conventional air or radiant heating systems (Christenbury, 1990; Jenkins et.
al, 1988). However, a majority of the studies performed only reported instantaneous
energy savings and did not take into account potential production delays that may occur
by reducing air temperatures.
Previous research with potted plants, vegetables, and cut flowers indicates that air
temperature set points can be lowered by 3 to 6 °C in combination with elevated medium
temperatures to achieve energy savings without negatively affecting crop growth or
development (Sachs et al., 1992). For example, growth and development of tomato
(Solanum lycopersicum) seedlings and chrysanthemum (Dendranthema ×grandiflorum)
plants were evaluated using a bench-top RZH system with reduced air temperatures
compared to a perimeter hot water convection heating system. Fresh and dry mass, rootto-shoot ratio, stem elongation, flower number, and developmental rates for both species
were similar in both heating systems even though air temperature was 3 to 6 °C higher in
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the perimeter-heated GH (Sachs et al., 1992). Additionally, studies were conducted in the
late 1980s and early 1990s to investigate the effects of increased RZH temperatures with
or without reduced air temperatures (Vogelzang, 1988; 1990). For example, Vogelzang
(1990) reported that TTF of begonia (Begonia ×hiemalis ‘Toran’) was reduced as RZH
temperatures increased from 19 to 27 °C, when air temperatures were 19 or 21 °C.
However, increased RZH did not influence TTF when air temperatures were reduced to
16 °C (Vogelzang, 1990).

Effects of Light on Bedding Plant and Microgreen Production
Light is a form of electromagnetic radiation plants use to drive photosynthesis
though the absorption of photons by chlorophyll a and b and accessory pigments such as
carotenoids (Leopold, 1964). Quantum yield (moles of CO2 fixed per mole of photons
absorbed), is a photosynthetic efficiency metric of plant capability to create sugars and
starches that plants use for growth (Cope et al., 2014). Photosynthesis is mainly
stimulated by wavelengths of light between 400 to 700 nm, which is known as
photosynthetically active radiation (PAR). Light intensity, defined as photosynthetic
photon flux (PPF), refers to the number of photons between 400 to 700 nm with the units
µmol·m–2·s–1 (Cope et al., 2014). Daily light integral is defined as the cumulative PPF
delivered during 24 h, and is expressed in mol·m–2·d–1 (Faust et al., 2005). The DLI
received by bedding plants in a GH depends upon solar angle, cloudiness, glazing
material, overhead structures, plant spacing, and shade curtains. Additionally, under
light-limiting conditions, GH growers can use supplemental lighting from HID lamps to
increase total DLI at canopy height (Faust, 2011).
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Plant growth, defined as an irreversible increase in plant size, is a function of
biomass production driven by photosynthesis (Heins et al., 2000). Several studies have
quantified how increasing DLI increases biomass accumulation of bedding plants (Fausey
et al., 2005; Faust et al., 2005; Warner and Erwin, 2005). For example, Faust et al. (2005)
grew ageratum (Ageratum houstonianum L.), begonia (Begonia ×semperflorens-coltorum
L.), impatiens (Impatiens wallerana L.), marigold (Tagetes erecta L.), petunia, salvia
(Salvia coccinea L.), vinca (Catharanthus roseus L.), and zinnia (Zinnia elegans L.) in a
GH with DLIs ranging from 5 to 43 mol·m–2·d–1. The total plant dry mass increased for
all species, except for begonia and impatiens, as DLI increased from 5 to 43 mol·m–2·d–1.
Additionally, Samuoliené et al. (2013) grew four species of Brassica microgreens in a
growth chamber under light-emitting diode (LED) arrays providing a DLI of 6 to 35
mol·m–2·d–1. Dry weight percentage increased for tatsoi (Brassica rapa var. rosularis)
and red pak choi (Brassica rapa var. chinensis) as DLI increased from 6 to 19 mol·m–2·d–
1

. Therefore, DLI significantly influences photosynthesis and biomass accumulation of

several bedding plants and microgreens.
Photosynthetic photon flux and DLI are both calculated assuming that all photons
of light between 400 to 700 nm equally stimulate photosynthesis. However, different
wavelengths of light are not equally efficient in driving photosynthesis. For example, not
all blue photons (B; 400 to 500 nm) are used for photosynthesis, since ≈20% are absorbed
by inactive pigments such as anthocyanins (Cope et al., 2014). Additionally, recent in
vitro studies using spinach (Spinacia oleracea) and in vivo studies using sunflower
(Helianthus annuus L.) and bean (Phaseolus vulgaris L.) have reported that FR light (700
to 800 nm), up to 790 nm, can drive photosynthetic activity in photosystem II (PSII)
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(Pettai et al., 2005; Thapper et al., 2009). Therefore, light quality within PAR
wavelengths and even outside of PAR, significantly influences biomass accumulation.
For example, Li and Kubota (2009) grew baby leaf lettuce (Lactuca sativa L. ‘Red
Cross’) under a SS white (W) light (control) or supplemented with the following LED
light quality treatments: UV-A, B, green (G), red (R), and far-red (FR) light.
Photosynthetic photon flux (400 to 700 nm) was maintained at a constant 305 µmol·m–
2

·s–1 for all light qualities. The authors reported that FW and DW of baby leaf lettuce

significantly increased when grown under W light supplemented with FR LEDs,
compared with W lights as a control or supplemented with UV-A or R LEDs.
Light quality not only influences photosynthesis, it also influences
photomorphogenesis, which is light-mediated development that is regulated by
phytochrome and cryptochrome photoreceptors (Cope et al., 2014). Red and FR light are
absorbed by phytochrome pigments that exist in two interconvertable forms. Far-red light
is transmitted through leaf tissue more than R or B light, causing an enrichment of FR
light, relative to R light, for plants grown under canopies. When a low R:FR light is
absorbed by phytochrome pigments, a shade avoidance response is activated to elongate
hypocotyls or stems in an attempt to out-compete neighboring plants (Zhang and Folta,
2012).
Cryptochromes primarily absorb UV-A and B light (320 to 500 nm) but can also
absorb G as well (Zhang and Folta, 2012). Blue light absorbed by cryptochromes can
inhibit internode elongation (Cope et al., 2014). For example, Wollaeger and Runkle
(2014) grew several species of bedding plant seedlings under SS LEDs and reported the
addition of B light to R light significantly reduced the stem length. However in some
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plants, G light in combination with R:B light can reverse B light inhibition of hypocotyl
elongation, which has been shown to be mediated through cryptochrome B light receptors
(Zhang and Folta, 2012). Additionally, Folta (2004) reported that hypocotyl elongation of
Arabidopsis thaliana grown under R, B, or FR light was suppressed within minutes
compared to dark-grown seedlings. However, seedlings grown under monochromatic G
light had increased hypocotyl elongation compared to dark-grown seedlings (Folta,
2004). Green light absorbed by cryptochrome has been shown to cause responses similar
to the shade avoidance response, although the mechanisms are not fully understood
(Zhang and Folta, 2012).
Anthocyanin pigments are responsible for the B, R, or purple colors of plant
tissues. Along with influencing color, anthocyanins may also have health benefits
including: increased visual acuity, reduction of coronary heart disease, as well as
antioxidant and anticancer properties (Giusti and Wrolstad, 2001). Recent research by
Bouly et al. (2007) has confirmed that cryptochrome B light receptors are primarily
responsible for anthocyanin accumulation in Arabidopsis seedlings. The authors grew
cryptochrome (cry1) deficient seedlings of Arabidopsis under 25 µmol·m–2·s–1 of W light
supplemented with 20 µmol·m–2·s–1 of B (470 nm) light and reported anthocyanin
accumulation was reduced ≈90% compared to wild type (WT) Arabidopsis. Additionally,
the authors added 50 µmol·m–2·s–1 of G light to the W+B light and reported anthocyanin
accumulation of cry1 deficient Arabidopsis was not influenced by G light, while the WT
Arabidopsis was reduced ≈25% compared to those grown under W+B light (Bouly et al.,
2007). This indicates that G light negatively influenced B light induced anthocyanin
accumulation and confirms the response is mediated by cryptochrome. A separate study
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was conducted by Zhang and Folta (2012) that confirms the influence of G light to
reverse B-light mediated anthocyanin accumulation. The authors grew lettuce (Lactica
sativa L. ‘Red Sails’) that was grown ≈30 d in a growth chamber with (%) W100, B100,
B50:G50, or G100 light with a PPF of 90 µmol·m–2·s–1 for all light treatments. The authors
reported that anthocyanin accumulation of lettuce grown under B100 light increased 79%,
compared to the W100, while those grown under B50:G50 light had anthocyanin
accumulation similar to the W100. Additionally, those grown under G100 light had reduced
anthocyanin accumulation compared to those grown under W100 (Zhang and Folta, 2012).

Energy-Efficient Microgreen Production
As stated earlier, microgreens can be produced using a combination of
hydroponics and SS lighting in multi-layer production systems (Resh, 2013). However,
multi-layer production facilities have substantial energy costs because of the electrical
energy required to provide SS lighting (Goto, 2012). Light-emitting diodes offer many
advantages over conventional light sources including: high photoelectric conversion
efficiencies, narrow band spectral light qualities, low thermal output, and adjustable light
intensities (Yeh and Chung, 2009). As of 2012, B and R LEDs were 50 and 38% efficient
at converting electrical energy to light, respectively (Philips Lumileds, 2012). These
numbers are projected to increase as technology and research continue to improve. An
observation and forecast for the improvement of LEDs, termed Haitz’ law, states that
light intensity and efficiency have grown by a factor of 20 each decade, while prices have
decreased by a factor of 10 (Morrow, 2008). Additionally, if this technology successfully
replaces several existing horticultural lighting technologies, economy of scale will further
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reduce prices, making it an affordable option for SS and supplemental lighting (Morrow,
2008). Another benefit of using LEDs is the ability to select light qualities and intensities
that have beneficial effects on growth, photomorphogenesis, and health-promoting
phytochemicals (Goto, 2012).

Conclusions
Temperature and light are two environmental factors that strongly influence
growth, development, and morphology. However, modifying light and temperature in
controlled environments can result in high energy costs for commercial growers. Hightunnels, RZH, and LEDs have been proposed to be energy-efficient technologies that can
be used for protected and controlled environment production of specialty crops.
However, limited research-based information is available regarding HTs or RZH for
energy-efficient bedding plant production, or SS LEDs for microgreen production.
Further research is needed to gain a better understanding of the environmental and
cultural aspects of using HTs, RZH, or LEDs in protected and controlled environments
for specialty crop production.
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HIGH TUNNEL VERSUS CLIMATE-CONTROLLED GREENHOUSE:
TRANSPLANT TIME AND PRODUCTION ENVIRONMENT IMPACT GROWTH
AND MORPHOLOGY OF COLD-TOLERANT BEDDING PLANTS

Abstract
Commercial bedding plant production in northern latitudes often begins in late winter and
continues through spring, when average outdoor temperatures require growers to actively
heat their greenhouses (GHs). High tunnels (HTs) offer energy savings as they are
passively heated and cooled structures that have a low initial cost. As a result, they have
been used in northern latitudes to advance and extend the growing season and improve
the quality of high-value horticultural crops. However, there is limited published
information on growing bedding plants in HTs in northern latitudes. Our objectives were
to quantify the effects of transplant date and the use of a row cover in a HT compared to a
traditional heated GH on the growth and morphology of three cold-tolerant bedding plant
species. Seedlings of snapdragon (Antirrhinum majus L. ‘Liberty Classic Yellow’),
dianthus (Dianthus chinensis L. ‘Telstar Crimson’), and petunia (Petunia ×hybrida
Vilm.-Andr. ‘Wave Pink’) were transplanted on weeks 13, 14, and 15 in 2012 and 2013
and moved to either a glass-glazed GH or a HT with or without a row cover. Several
quality measurements increased when plants were grown in HTs compared with those
grown in the GH. Dianthus and petunia transplanted during week 13 in the HT and HT
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with row cover were 33% and 47% shorter and had 51% and 31% more visible buds,
respectively, compared to those grown in the GH. Additionally, the shoot dry mass of
dianthus and snapdragon was significantly higher when grown in the HT compared to the
GH, regardless of transplant week or the use of a row cover. There was a 1-week delay
from transplant to first open flower for dianthus and petunia transplanted to both HT
production environments during week 13 compared to the GH. Such a delay would be
acceptable to growers who want to reduce the use of chemical growth regulators and
heating costs. However, snapdragon transplanted to the HT and HT with row cover in
week 13 was delayed by 26 and 22 d, respectively, compared to the GH. A delay of over
3 weeks could interfere with a grower’s production schedule, possibly making this crop
unsuitable for bedding plant production in northern latitude HTs.

Introduction
Annual bedding plants are the most valuable sector of the commercial floriculture
industry, accounting for 62% of the reported wholesale value of $5.9 billion in the U.S.
(USDA, 2014). Commercial greenhouse (GH) production in northern latitudes begins in
late winter and continues through spring, when the crops are marketed to consumers. In
temperate climates, outdoor temperatures during production necessitate protected
cultivation with active heating to prevent crops from freezing and to ensure that growers
meet specific market dates. However, with the relatively volatile prices for propane,
heating oil, and natural gas during the last decade, heating now accounts for 10% to 30%
of the total operating costs for commercial GHs (Brumfield, 2007; EIA, 2014; Langton et
al., 2006). To reduce costs associated with heating, growers have installed thermal energy
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curtains, increased insulation, switched to alternative fuel sources, and purchased energyefficient heaters (Blanchard and Runkle, 2011). Some growers in northern latitudes are
starting to grow bedding plants in high tunnels (HT) to further reduce or eliminate
heating costs (personal communication, Steve Hood). However, there is limited published
information regarding bedding plant production in HTs.
A HT typically is a single-layer, polyethylene-covered structure that typically
lacks automated ventilation, is heated by solar radiation, and is cooled through side or
end walls that are manually opened and closed (Lamont, 2009). They are primarily used
in temperate northern latitudes to extend the production season and improve the quality
of high-value horticultural crops, including vegetables, fruits, and cut flowers (Hunter et
al., 2012; Knewtson et al., 2010; Lamont, 2005; Ortiz et al., 2012; Rowley et al., 2010).
Additionally, they are used in temperate and tropical regions of the world to exclude rain
from crops, which reduces disease pressure and crop loss (Lamont, 2009). Recent
research has shown that growers can utilize HTs to reduce or eliminate heating costs
associated with finishing cold-tolerant bedding plants in northern latitudes (Currey et al.,
2014).
Greenhouse growers use average daily temperature (ADT) to predict when crops
will be marketable (Blanchard and Runkle, 2011). It is well documented that temperature
controls the rate of plant development, including time to unfold a leaf and time to first
open flower (Adams et al., 1998; Kaczperski et al., 1991; Roberts and Summerfield,
1987). Plant development is zero at or below a species-specific base temperature (Tb). As
temperatures increase above Tb, the rate of development increases until the optimum
temperature (To) is reached. For many crops, the development rate increases nearly
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linearly with average daily temperature (ADT) between Tb and To (Blanchard and Runkle,
2011; Roberts and Summerfield, 1987). This linear relationship enables growers to
predict when crops will be marketable based on the ADT. Consequently, a grower’s
ability to predict when their crops will be ready for market is not possible in a HT due to
lack of temperature control. Notwithstanding this limitation, in some situations, the
energy savings of reduced or no heating associated with HT bedding plant production can
still outweigh the ability to schedule crops for specific market dates (Currey et al., 2014).
A comparison of finishing spring bedding plants transplanted during week 14 in
HTs to a GH revealed that dianthus (Dianthus chinensis), petunia (Petunia ×hybrida),
and pansy (Viola ×cornuta) could be produced in a HT with little to no delay in time to
flower. For example, dianthus, petunia, and pansy grown in a HT were delayed by as few
as 4, 4, and 0 d, respectively, compared to a GH (Currey et al., 2014). However, a −6 °C
night resulted in the death of several cold-sensitive and cold-intermediate species. This
revealed the potential risk associated with the production of spring bedding plants in HTs.
Since several cold-tolerant species survived the cold night and were only slightly delayed
in flowering time, we investigated the effects of transplant week to determine if earlier
transplant times were possible. To our knowledge, no work has been performed to
determine the effects of early-season (weeks 13 to 15) placement of cold-tolerant bedding
plants in unheated HTs located in temperate northern latitudes. Also, we postulated that a
row cover could reduce the impact of low temperatures, as demonstrated by Currey et al.
(2014). Therefore, the objectives of this study were to quantify the effect of three
transplant dates, the use of a row cover, and holding plants in a heated GH before moving
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them to an HT on the growth and development of three cold-tolerant bedding plant
species.

Materials and Methods
Experiment 1. Plant material and culture. Seedlings of snapdragon (Antirrhinum
majus L. ‘Liberty Classic Yellow’), dianthus (Dianthus chinensis L. ‘Telstar Crimson’),
and petunia (Petunia ×hybrida Vilm.-Andr. ‘Wave Pink’) in 288-cell (6-ml individual
cell volume) plug trays were obtained from a commercial GH propagator (C. Raker and
Sons, Litchfield, MI). The plant material was received at Purdue University in West
Lafayette, IN (40 °N lat.) in 2012 on 27 March (week 13), 03 April (week 14), and 10
April (week 15) and in 2013 on 28 March (week 13), 04 April (week 14), and 11 April
(week 15). On each date, 21 seedlings of each species were transplanted into 10-cmdiameter (480 mL) round containers filled with a commercial soilless medium comprised
of (by vol.) 65% peat, 20% perlite, and 15% vermiculite (Fafard 2; Fafard, Inc., Agawam,
MA). Plants were hand irrigated as necessary with water supplemented with watersoluble fertilizer (Peters Excel© 21–5–20; Everris NA Inc., Marysville, OH) to provide
(in mg·L–1) 200 nitrogen (N), 26 phosphorus (P), 163 potassium (K), 1.0 iron (Fe), 0.5
manganese (Mn) and zinc (Zn), 0.24 boron (B) and copper (Cu), and 0.1 molybdenum
(Mo). Irrigation water was supplemented with 93% sulfuric acid (Ulrich Chemical,
Indianapolis, IN) at 0.08 mg·L–1 to reduce alkalinity to approximately 100 mg·L–1.
Greenhouse environment. Seven plants of each species were randomly selected
during each transplant week, spaced equally in trays, and placed on benches located in a
glass-glazed GH under natural photoperiods and a constant air temperature set point of
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21 °C. Temperature was maintained with exhaust fan and evaporative-pad cooling,
radiant hot-water heating, and retractable shade curtains controlled by an environmental
computer (Maximizer Precision 10; Priva Computers Inc., Vineland Station, Ontario,
Canada).
High tunnel environment. Seven plants of each species were randomly selected
during each transplant week, spaced equally in trays, and placed in a HT on top of a layer
of landscape fabric. The east-west-oriented HT (14.6 × 7.9 × 3.7 m high) with a triple
galvanized structural steel frame (FarmTek, Dyersville, IA) and 6-mm SunMaster
polyethylene film containing copolymer resin with trilayer construction and ultraviolet
additives (Lumite, Baldwin, GA) was located in Lafayette, IN (40 °N). The HT was split
into two production environments: one with a row cover (HT+RC) and another without a
row cover (HT). End-wall peak vents, end-wall doors, and roll-up side walls were opened
or closed manually to moderate temperature swings. End-wall peak vents were opened
when the forecast high was >13 °C, end-wall vents and doors were opened when the
forecast high was >21 °C, and vents, doors, and roll-up side walls were opened when the
forecast high was >24 °C. All ventilation was closed during periods of high winds and/or
low temperatures. On nights when the forecast low was <3 °C, a high-density
polyethylene fabric row cover (RC) (Coverton Pro 19 floating row cover; Fiberweb,
London, UK) was pulled over a 45-cm-tall frame made of PVC, with the other half of the
plants not being covered with fabric.
Experiment 2. This experiment used the same plant material, cultural practices,
and production environments described in experiment 1. Twenty-eight seedlings of each
species were transplanted in the GH on 28 March 2013 (week 13). Seven plants remained
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in the GH for the duration of the experiment with the remaining plants being moved to
the HT on 28 March (week 13), 04 April (week 14), and 11 April 2013 (week 15) after
being held in the GH environment for 0, 1, and 2 weeks, respectively.
Environmental data collection. In the HT, air temperature and light intensity were
measured at 20-s intervals with an enclosed thermocouple and quantum sensor,
respectively, placed at plant height (WatchDog Model 2475 - Plant Growth Station;
Spectrum Technologies, Inc., Plainfield, IL). Air temperature in the GH was monitored
and recorded with the Priva environmental computer. Two quantum sensors (Model SQ212; Apogee Instruments, Inc., Logan, UT) placed at plant height measured light
intensity every 30 s and the average of each sensor was logged every 15 min by a data
logger (Watchdog 2800 Weather Station, Spectrum Technologies). A conversion factor
was calculated to calibrate the quantum sensors used in the HT to those used in the GH.
Average daily, minimum, and maximum temperatures and daily light integral for each
month of the study are reported in Table 2.1.
Data collection and calculations. Plants were monitored daily and the date of first
open flower was recorded to determine the number of days from transplant to flower
(TTF). At flowering, stem length was measured as the distance from the medium surface
to the growing tip of the longest shoot, and total visible flower buds (VB) were recorded.
For snapdragon, each inflorescence was recorded as a flower. Plants were destructively
harvested at the medium surface, dried in an oven at 70 °C for 1 week, and shoot dry
mass (SDM) was determined.
Experimental design and statistical analyses. Both experiments were laid out in a
completely randomized design in a factorial arrangement. The factors for experiment 1
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were production environment (3 levels) and transplant date (3 levels). The factors for
experiment 2 were production environment (3 levels) and weeks held in GH (3 levels).
Experiment 1 was repeated once over time for a total of two experimental runs and data
were pooled across time. Effects of production environment, transplant date, and weeks
held in the GH were compared by analysis of variance (ANOVA) using SAS (SAS
version 9.3; SAS Institute, Cary, NC) PROC MIXED, with an additional program
(Arnold M. Saxton, University of Tennessee, Knoxville, TN) that provided pairwise
comparisons between treatments using Tukey’s honestly significant test (HSD) at P ≤
0.05.

Results and Discussion
Effect of production environment and row cover on temperature and light levels.
The conventionally heated GH had a higher ADT than the HT, especially early in the
experiment (Table 2.1). For example, the ADTs in the HT and HT+RC were ≈6 °C lower
than in the GH in March and April for both years (Table 2.1). However, the HT+RC
maintained a higher ADT (~1.5 °C) than in the HT alone during the months when the
forecast lows were <3 °C. Temperatures within the HT were never below 0 °C during
either year of the study. If temperatures would have dropped below 0 °C, a temperature
increase of 1 to 2 °C from the RC could have significantly reduced chilling injury or crop
losses as reported by Currey et al. (2014).
The daily light integral (DLI) in the HT and HT+RC was nearly twice as high as
in the glass-glazed GH due to the single layer of polyethylene film and limited structural
support (Table 2.1). The DLI in the HT+RC was slightly reduced compared to the HT.
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The RC remained over the plants until 0900 HR, which reduced the DLI by ≈8% during
March 2012 and 2013. The Purdue GH had a significant amount of superstructure that
reduced light levels. Additionally, a retractable shade curtain (≈50%) was used to
maintain the GH set point air temperatures, which also significantly reduced light levels.
Effects of production environment and transplant week on finish time. Experiment
1. Bedding plants are usually considered marketable when at least one flower or
inflorescence is fully reflexed (Heins et al., 2000). As stated earlier, the rate of
development increases nearly linearly as ADT increases. Developmental rate models for
petunia ‘Wave Purple’ and ‘Bravo Blue’ have been calculated to predict TTF (Blanchard
et al. 2011; Vaid and Runkle, 2013). The authors reported that petunia ‘Wave Purple’
grown with an ADT of 21 °C and a DLI of 10 to 12 mol·m−2·d−1 would flower in ≈33 d
(Blanchard et al. 2011). Vaid and Runkle (2013) reported that petunia ‘Bravo Blue’
grown with an ADT of 21 °C and an average DLI of 18 mol·m−2·d−1 would flower in ≈34
d. In our study petunia transplanted in weeks 13, 14, and 15 in the GH with an ADT
≈21 °C and a DLI of 10 to 12 mol·m−2·d−1 had a fully reflexed flower in ≈37 d (Table
2.2). This validates that while there is a difference of ≈3 d between studies, our GHgrown petunia flowered near the predicted values. Petunia transplanted in the HT in
weeks 14 and 15 with ADTs of 16 and 17 °C and a DLI of 21 and 22 mol·m−2·d−1
flowered in 40 and 37 d, respectively (Table 2.2). Blanchard et al. (2011) also reported
that as DLI increased from 4 to 14 mol·m−2·d−1, TTF of petunia ‘Wave Purple’ grown at
an ADT of 20 °C was reduced 12 d. In our study, the DLI in the HT exceeded the
maximum DLI presented in the Blanchard et al. (2011), which did not allow us to
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compare our results to their model. However, the similar TTF for petunia transplanted on
week 15 in the GH and HT was likely influenced by the higher DLI in the HT.
Transplant week and production environment significantly influenced TTF of all
species (Table 2.2). For example, compared with plants in the GH, TTF of dianthus and
petunia transplanted in late March (week 13) was delayed in the HT and HT+RC and in
early April (week 14) for petunia. Snapdragon TTF was delayed in both the HT and
HT+RC when transplanted in weeks 13, 14 and 15. For transplant week 13, TTF of
snapdragon was delayed by 26 and 22 d in the HT and HT+RC, respectively, compared
to the GH. Flowering of dianthus and petunia in the HT and HT+RC were both delayed
by 8 d. For week 14, TTF of petunia was delayed 4 and 2 d, whereas snapdragon was
delayed 17 d in both the HT and HT+RC, respectively. Snapdragon transplanted during
week 15 into the HT and HT+RC were delayed 14 and 13 d, respectively, compared to
those transplanted into the GH.
Experiment 2. Holding bedding plants in the GH at 21 °C for 0, 1, and 2 weeks
before moving to the HT did not significantly influence TTF of dianthus and petunia. For
example, TTF for dianthus and petunia in the HT and HT + RC were both delayed by ≈8
d compared to plants grown in the GH (Figures 2.1A and B). Snapdragon moved to the
HT and HT+RC after 0 weeks in the GH were delayed by 25 and 24 d, respectively,
compared to those grown in the GH (Figure 2.1C). Snapdragon moved to the HT and
HT+RC after 1 week in the GH were delayed by 23 and 18 d, respectively, compared to
those grown in the GH. Snapdragon moved to the HT or HT+RC after 2 weeks in the GH
were both delayed by 11 d compared to those grown in the GH. This reduction in TTF
with the added energy inputs needed to heat the GH for 1 or 2 weeks makes this
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production strategy of holding plants in the GH for early establishment not beneficial for
energy savings. However, the overall response in both experiments reinforces the
paradigm that TTF is a function of ADT, assuming other cultural and environmental
factors are not limiting (Roberts and Summerfield, 1987).
Effects of transplant week and production environment on growth and
morphology. Bedding plants are considered high-quality when they are compact, fill the
container, are well branched, and have a high flower-bud count (Faust, 2011). Growers
generally use chemical growth regulators to manage stem elongation to keep bedding
plants compact; however, their use increases production costs. Temperature is another
tool that growers can use to manipulate plant morphology to reduce stem elongation. In
many plant species, stem elongation is influenced by the difference between the day and
night temperatures, or DIF. Stem elongation is promoted when day temperatures are
warmer than night temperatures (+DIF) and suppressed when day temperatures are cooler
than night temperatures (–DIF) (Erwin et al. 1989; Kaczperski et al. 1991). The effects of
cooler day temperatures to create a –DIF are generally perceived by plants approximately
30 min before sunrise until about three hours after sunrise. This response has enabled
growers to use a strategy called morning DIP or DROP. A DROP lowers the air
temperature set point in the early morning period to simulate a cooler day, then raise the
temperature in the late morning to increase the ADT (Blanchard and Runkle, 2011).
In our study, stem elongation of dianthus and petunia (but not snapdragon) was
significantly less when grown in the HT and HT+RC compared to the GH, regardless of
transplant week. For example, dianthus transplanted during week 13 in the HT and
HT+RC were 33% and 35% shorter, respectively, than those in the GH (Figure 2.2A).
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Additionally, petunia transplanted during week 13 in the HT and HT+RC were 47% and
43% shorter, respectively, than those in the GH (Figure 2.2B). We expected the large
+DIF in the HT to promote stem elongation (Table 2.1). However, the majority of studies
conducted to determine effects of DIF were performed in controlled environments, where
temperatures were highly regulated compared to the highly variable temperatures in the
HT in the present study (Erwin et al. 1989; Kaczperski et al. 1991).
A HT experiences large diurnal temperature fluctuations, which makes it difficult
to compare our results to ones that were completed in controlled environments. Currey et
al. (2014) reported similar reductions in stem elongation in several HT-grown bedding
plant species when compared to that in a conventional GH. Their lowest nighttime
temperature generally occurred pre-dawn, and the authors suggested that this temperature
regimen may have created a temperature DROP effect, which can create a –DIF response
(Currey et al., 2014). We experienced similar trends in our HT and postulate that cool
morning temperatures may have led to the suppression in stem elongation of petunia and
dianthus grown in the HT.
Additionally, we postulate that suppression of stem elongation in the HT was
influenced by the higher DLI. Increasing DLI has been shown to reduce stem elongation,
during both constant and diurnal temperatures regimens (Faust et al., 2005; Kaczperski et
al. 1991). For example, plant height of ‘Snow Cloud’ petunia grown at a constant air
temperature of 15 °C was reduced by 32% as DLI increased from 6.5 to 13 mol·m−2·d−1.
Additionally, plant height for petunia grown with a diurnal day/night temperature of
20/15 °C was reduced by 29% as DLI increased from 6.5 to 13 mol·m−2·d−1 (Kaczperski
et al. 1991). Increasing the DLI has also been shown to increase the number of lateral
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shoots of many bedding plant species (Faust, 2011). We did not quantify the number of
lateral shoots, but plants grown in the HT had more lateral branches than those grown in
the GH. Increased lateral branching results in a reduction of stem elongation and could
further explain the reduced stem elongation in the HT.
Although stem elongation of snapdragon was not influenced by the production
environment, transplant week did have an impact when grown in the GH. Snapdragon
plants transplanted during week 13 were 15% shorter than those transplanted during week
14 (Figure 2.2C). Similarly, transplant week had a significant impact on stem elongation
in the GH for dianthus and petunia. Specifically, dianthus transplanted during week 15
were 12% shorter than those transplanted during week 13, and petunia transplanted
during week 15 were 12% shorter than those transplanted during week 14. Again, the
inhibition in stem elongation in the GH in later transplant weeks was likely affected by
the increase in DLI (Table 2.1).
It is well established that increasing DLI generally increases biomass accumulation

(Faust et al., 2005; Heins et al., 2000; Kaczperski et al. 1991). The SDM of dianthus and
snapdragon was significantly greater when they were grown in the HT and HT+RC
compared to the GH, regardless of transplant week. However, the transplant week in the
HT and HT+RC had a significant effect on SDM. For example, dianthus transplanted in
week 13 in the HT and HT+RC had a 27% and 16% increase in SDM, respectively, than
those transplanted in week 15 (Figure 2.2D). Additionally, snapdragon transplanted
during week 13 in the HT and HT+RC had a 37% and 21% increase in SDM,
respectively, than those transplanted in week 15 (Figure 2.2F). There were no significant
differences for SDM for petunia among production environments or transplant weeks
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(Figure 2.2E). Plant growth, defined as an irreversible increase in plant size, is a function
of biomass production driven by photosynthesis (Heins et al., 2000). Therefore, the
lengthened production time for plants transplanted on week 13 and increased DLI in
week 15 were responsible for the increased SDM for dianthus and snapdragon (Table
2.1).
Reduced air temperatures and increased DLI generally increases flower number
and size in shade-avoiding plants (Heins et al., 2000). Visible bud number was
significantly greater in the HT and HT+RC production environments for dianthus and
snapdragon transplanted in week 13 and 14 and petunia transplanted week 13 compared
to the GH. For example, VB number of dianthus increased 51% and 41% in the HT and
54% and 38% in the HT+RC in week 13 and 14, respectively, when compared to the GH.
However, there were no significant differences for HT and HT+RC production
environments transplanted in week 15 compared to those in the GH (Figures 2.2G and
H). For snapdragon, VB number increased 68% and 71% in the HT and HT+RC for
plants transplanted in week 13, respectively, when compared to the GH (Figure 2.2I).
There were no significant differences in VB number between transplant weeks in the GH
for all three species. The increase in VB for all three species grown in the HT compared
to the GH was likely a result of cooler ADT along with increased DLI (Table 2.2).

Conclusion
The cold-tolerant species grown in both HT production environments transplanted
during week 13 experienced lower ADTs and DLI than those transplanted in weeks 14
and 15; thus, they spent longer periods of time accumulating biomass, which resulted in
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increased SDM and VB. Time to flower of dianthus and snapdragon was reduced in both
HT production environments during later transplant weeks, which also resulted in a
reduction in SDM and VB. This was likely a result of the increased ADT and DLI in the
HT. Our results collectively demonstrate that plant quality of the species studied was
significantly improved in a HT; however, a negative consequence of HT production was
delayed flowering especially in snapdragon. Additionally, holding bedding plants in the
GH prior to the final HT growing environment did not significantly reduce TTF and thus
may not be an energy-efficient practice. However, by eliminating the ability to actively
heat a HT, growers are subject to losses that can occur with extreme outdoor temperature
fluctuations and so emergency heating may be necessary.
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Table 2.1. Mean daily light integral (DLI), minimum and maximum temperature, and average daily temperature (ADT) for
bedding plants grown in a climate controlled greenhouse (GH) or high tunnel (HT) with (HT+RC) or without row cover in 2012
and 2013. Data are means (± standard deviation) of average values recorded every 10 or 15 min.
Month

ADT (°C)
GH

March
April
May
June
March
April
May
June

HT

DLI ( mol·m−2·d−1)

Temperature (°C)
HT+RC

GH

Min.
HT

HT+RC

21.2
(± 0.6)
21.3
(±0.7)
22.4
(± 1.9)
22.2
(± 1.8)

17.5
(± 4.9)
14.7
(± 3.2)
21.0
(± 4.1)
19.7
(± 3.8)

17.4
(± 5.1)
15.1
(± 3.0)
20.9
(± 4.1)
19.7
(± 3.8)

20.3
(± 0.2)
20.3
(±0.4)
20.7
(± 0.5)
20.7
(± 1.0)

7.3
(± 2.2)
5.2
(± 4.5)
13.3
(± 5.1)
11.6
(± 3.1)

7.3
(± 2.2)
6.1
(± 3.7)
13.2
(± 5.1)
11.6
(± 3.1)

21.0
(± 0.5)
21.0
(± 0.7)
22.4
(± 1.8)
21.1
(± 4.0)

14.9
(± 1.6)
14.7
(± 3.7)
19.5
(± 4.7)
17.9
(± 2.4)

15.8
(± 1.6)
15.3
(± 3.5)
19.3
(± 4.1)
17.9
(± 2.1)

19.8
(± 0.3)
19.9
(± 0.4)
20.5
(±0.8)
20.4
(± 0.1)

0.6
(± 2.9)
5.6
(± 4.9)
12.6
(± 5.7)
11.3
(± 4.0)

2.2
(± 4.6)
6.5
(± 4.1)
12.6
(± 5.5)
11.2
(± 4.0)

GH
2012
22.6
(± 0.5)
22.7
(± 0.7)
25.1
(± 2.5)
24.9
(± 2.3)
2013
22.1
(± 0.6)
22.2
(± 0.8)
24.5
(± 2.3)
23.0
(± 0.7)

Max.
HT

HT+RC

GH

HT

HT+RC

38.1
(± 6.1)
29.6
(± 5.5)
29.9
(± 5.1)
27.8
(± 4.7)

38.7
(± 6.2)
30.7
(± 6.8)
30.1
(± 4.5)
27.8
(± 4.7)

9.4
(± 2.2)
10.6
(± 2.7)
12.9
(± 2.9)
11.5
(± 1.7)

24.4
(± 7.4)
26.5
(± 8.6)
32.9
(± 6.7)
33.8
(± 8.9)

21.7
(± 6.8)
22.1
(± 6.8)
32.3
(± 6.9)
33.9
(± 8.9)

40.9
(± 3.1)
30.0
(± 7.7)
28.8
(± 4.5)
26.9
(± 3.9)

43.0
(± 5.2)
31.5
(± 9.3)
28.5
(± 4.7)
26.1
(± 2.7)

12.1
(± 1.4)
10.9
(± 2.6)
12.4
(± 2.7)
13.6
(± 3.4)

25.2
(± 3.5)
21.8
(± 11.0)
25.7
(± 9.5)
28.9
(± 14.4)

23.7
(± 6.8)
21.3
(± 11.1)
27.0
(± 10.5)
32.1
(± 16.1)
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Table 2.2. Time to flower (TTF) from transplant to first open flower for dianthus,
petunia, and snapdragon grown in three production environments; greenhouse (GH), high
tunnel (HT), high tunnel + row cover (HT+RC), transplanted during weeks 13, 14 and 15.
Means sharing a letter are not statistically different by Tukey’s honestly significant
difference test at P ≤ 0.05.

Transplant week

GH

Week 13
46 azBy
Week 14
46 aA
Week 15
43 aAB
Significance
Transplant week (TW)
Production environment (PE)
TW × PE

Week 13
Week 14
Week 15
Significance
TW
PE
TW × PE

37 aB
37 aB
36 aA

Production environment
HT
Dianthus
54 aA
48 bA
43 cB

HT+RC
54 aA
48 bA
46 bA

***
***
***
Petunia
45 aA
40 bA
37 cA

45 aA
39 bA
38 bA

***
***
***
Snapdragon
69 aA
59 bA
53 cA

Week 13
43 aC
65 aB
Week 14
42 aB
59 bA
Week 15
39 bB
52 cA
Significance
TW
***
PE
***
TW × PE
***
z
Within-column means followed by different lower-case letters are significantly different
by Tukey’s honest significant difference (HSD) test at P ≤ 0.05
y

Within-row means followed by different upper-case letters are significantly different by

Tukey’s honest significant difference (HSD) test at P ≤ 0.05
*** Significant at P ≤ 0.001

47

Figure 2.1. Time to flower, stem elongation, shoot dry mass, and visible flower bud
number for dianthus, petunia, and snapdragon grown in three production environments;
greenhouse (GH), High tunnel (HT), High tunnel + row cover (HT+RC), held in the GH
for 0, 1 and 2 weeks. Means sharing a letter are not statistically different by Tukey’s
honestly significant difference test at P ≤ 0.05, error bars indicate ± SE.
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Figure 2.2. Stem elongation, shoot dry mass, and visible flower bud number for dianthus,
petunia, and snapdragon grown in three production environments; greenhouse (GH), high
tunnel (HT), high tunnel + row cover (HT+RC), transplanted during weeks 13, 14 and 15.
Means sharing a letter are not statistically different by Tukey’s honestly significant
difference test at P ≤ 0.05, error bars indicate ± SE.
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GROWTH AND DEVELOPMENT OF BEDDING PLANTS UNDER COOL AIR
TEMPERATURES AND ROOT-ZONE HEATING IN COMPARISON TO
CONVENTIONALLY HEATED GREENHOUSE PRODUCTION

Abstract
Bench-top root-zone heating (RZH) in combination with reduced air temperatures has
been proposed as an energy-efficient strategy for greenhouse production. However, to our
knowledge, research-based information about specific combinations of air and RZH
temperatures for several commercially important bedding plant species was not available.
The objective of this study was to quantify time to flower (TTF) and growth parameters
of nine common bedding plant species grown either with or without RZH in combination
with reduced air temperatures, and compare them to those grown in a conventionally
heated greenhouse. Plants were selected on the basis of their cold tolerance and included
cold-tolerant species [French marigold (Tagetes patula), snapdragon (Antirrhinum
majus), pansy (Viola × wittrockiana), osteospermum (Osteospermum ecklonis), and
petunia (Petunia ×hybrida)], cold-intermediate species [verbena (Verbena ×hybrida and
seed impatiens (Impatiens walleriana)], and cold-sensitive species [New Guinea
impatiens (Impatiens hawkeri) and vinca (Catharanthus roseus)]. Plugs or liners were
transplanted into 11.4-cm-diameter containers and placed on bench tops without (no
RZH) or with RZH temperature set-points of 18, 21, 24, or 27 °C and a reduced air
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temperature of 16 °C. A separate greenhouse served as a commercial control (CC) with
an air temperature of 20/18 °C (day/night). As RZH temperature set-points increased,
time to flower (TTF) of all cold-tolerant and cold-intermediate species decreased;
however, there was a delay in TTF compared to the CC. For example, TTF for petunia
and marigold grown with RZH temperature set-points of 27 °C decreased by 10 and 6 d
compared to those grown with no RZH, respectively. However, TTF of both species was
delayed 4 d compared to the CC. Stem elongation, root dry mass (RDM), and shoot dry
mass (SDM) were generally similar among RZH temperature set-points of 24 or 27 °C
and the CC. However, cooler RZH set-points generally increased RDM and SDM. Our
results indicate that the delay in TTF of marigold, pansy, and petunia is less than one
week with RZH temperature set-points of 24 or 27 °C in combination with an air
temperature of 16 °C, compared to the CC. The production of cold-tolerant bedding
plants under cool air temperatures with RZH could reduce energy costs, when compared
to conventionally heated greenhouses.

Introduction
A common objective among commercial greenhouse growers producing annual
bedding plants is to produce high-quality crops as efficiently and quickly as possible
(Kaczperski et al., 1991). This has become an increasingly important objective in recent
years, as profit margins for commercial greenhouses have generally decreased due to
rising labor and energy costs. Bedding plants are the most valuable sector of the
commercial floriculture industry in the U.S., accounting for 62% of the reported
wholesale value of floriculture crops (USDA, 2014). Production of bedding plants in
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commercial greenhouses located in northern latitudes begins in late winter and continues
through late spring, when crops are marketed to consumers. In temperate climates, low
outdoor temperatures during production necessitate active heating to maintain greenhouse
temperatures that are suitable for the production of bedding plants (Blanchard and
Runkle, 2011). Currently, energy that is used to heat a commercial greenhouse is second
only to labor as the most expensive indirect cost of production (Frantz et al., 2010) and
can account for 10 to 30% of annual operating cost (Brumfield, 2007; Langton et al.,
2006). Growers have already implemented a variety of strategies to reduce energy costs
including installation of thermal energy curtains, lowering of air temperatures, purchasing
energy-efficient heaters, and/or switching to alternative fuel sources (Brumfield, 2007).
Root-zone heating (RZH) in combination with reduced heating of the air is
another strategy that growers can use to reduce energy costs. However, only 7% of
greenhouse growers in the U.S. have taken advantage of this strategy, at least partly
because of the lack of crop-specific production information (Brumfield et al., 2009). The
most common RZH system includes a hot-water heat source, distribution tubing, a pump,
and a thermostat control system (Bartok, 2006). The containers in contact with tubing are
heated through conduction, while the air surrounding the tubing and crop canopy are
heated through convection (Bartok, 2006). Agricultural engineering studies have reported
that greenhouse soil, floor, and bench-top RZH systems can provide potential energy
savings of up to 50% compared to conventional air or radiant heating systems
(Christenbury, 1990; Jenkins et al., 1988). However, a majority of the studies performed
only reported instantaneous energy savings and did not take into account potential
production delays that may occur by reducing air temperatures.
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Temperature affects the rate of plant development, including time to unfold a leaf
and time to first open flower (Roberts and Summerfield, 1987). Plant developmental rates
are zero at or below a species-specific base temperature (Tb). As temperature increases
above the Tb, the rate of development increases until an optimum temperature (To) is
reached. For many crops, the developmental rate increases nearly linearly with average
daily temperatures (ADT) between Tb and To (Heins et al., 2000; Roberts and
Summerfield, 1987). Annual bedding plants can be categorized into three response types
based on their Tb: cold-tolerant (Tb < 4 °C), cold-intermediate (4 °C < Tb < 7 °C), and
cold-sensitive (Tb > 7 °C). Bedding plants are generally grown at ADTs 11 to 17 °C
greater than their Tb to effectively schedule crops to reach market dates (Blanchard and
Runkle, 2011).
Previous research with potted plants, vegetables, and cut flowers indicates that air
temperature set-points can be lowered by 3 to 6 °C in combination with elevated medium
temperatures to achieve energy savings without negatively affecting crop growth or
development (Sachs et al., 1992). For example, growth and development of tomato
(Solanum lycopersicum) seedlings and chrysanthemum (Dendranthema ×grandiflorum)
plants were evaluated using a bench-top RZH system with reduced air temperatures
compared to a perimeter hot water convection heating system. Fresh and dry mass, rootto-shoot ratio, stem elongation, flower number, and developmental rates for both species
were similar in both greenhouses even though air temperature was 3 to 6 °C higher in the
perimeter-heated greenhouse (Sachs et al., 1992).
To our knowledge, there was no existing literature that quantified the effects of
RZH in combination with reduced air temperature on the growth and development of
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commercially available bedding plant species. Therefore, the objective of this study was
to quantify TTF and growth parameters of nine common bedding plant species grown
either with or without RZH in combination with reduced air temperatures and compare
them to a plants grown in a conventionally heated greenhouse.

Materials and Methods
Plant material and culture. On 7 Feb. 2013 (Experiment 1) and 9 Jan. 2014
(Experiment 2), seedlings of pansy (Viola ×wittrockiana Gams. ‘Matrix Yellow’) in a
512-cell size (3.6-mL volume) plug tray, seed impatiens (Impatiens walleriana Hook. f.
‘Super Elfin Lipstick’), French marigold (Tagetes patula L. ‘Durango Bee’), snapdragon
(Antirrhinum majus L. ‘Oh Snap Pink’), vinca (Catharanthus roseus L. G. Don ‘Pacifica
XP Rose Halo’), and petunia (Petunia ×hybrida Vilm.-Andr. ‘Dreams Midnight’) in 288cell size (6-mL volume) plug trays, and rooted cuttings of osteospermum (Osteospermum
ecklonis DC. Norl. ‘Serenity Bronze’), New Guinea impatiens (Impatiens hawkeri Bull
‘Celebration Red’), and verbena (Verbena ×hybrida Voss ‘Aztec Blue Velvet’) in 102cell size (22-mL volume) liners were received at Purdue University in West Lafayette, IN
(40 °N lat.) from a commercial greenhouse propagator (Tagawa Greenhouses Inc.,
Brighton, CO). Upon arrival, 120 plants of each species were transplanted into 11.4-cm
(600-mL volume) round containers filled with medium comprised of (by volume) 65%
Canadian sphagnum peat moss, 20% perlite, and 15% vermiculite (Fafard 2; Fafard, Inc.,
Agawam, MA). Plants were fertilized once a week with water supplemented with a
combination of 1800 mg·L–1 (Peters Excel 15–5–15 Cal-Mag; Everris NA Inc.,
Marysville, OH) and 600 mg·L–1 (Peters Excel 21–5–20) water-soluble fertilizers to
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provide (in mg·L–1): 400 nitrogen (N), 52 phosphorus (P), 326 potassium (K), 100
calcium (Ca), 40 magnesium (Mg), 2.0 iron (Fe), 1.0 manganese (Mn) and zinc (Zn),
0.48 copper (Cu) and boron (B), and 0.2 molybedenum (Mo). Plants were hand irrigated
in between fertilizations when necessary with only acidified water. The amount of water
applied to each plant was limited to avoid nutrient leaching.
Greenhouse environment. Plants were grown in two glass-glazed greenhouses
with exhaust fan and evaporative-pad cooling and radiant hot water heating controlled
independently by an environmental control system (Maximizer Precision 10; Priva
Computers Inc., Vineland Station, ON, Canada). The photoperiod was 16 h (0600 to 2200
HR)

consisting of natural day lengths with day-extension lighting provided by high-

pressure sodium lamps that delivered 70 µmol·m–2·s–1 when outdoor irradiance was <250
µmol·m–2·s–1. An automatic woven shade curtain providing ≈50% shade was retracted
when the outdoor light intensity was >800 µmol·m–2·s–1, to achieve a daily light integral
(DLI) of ≈12 mol·m–2·d–1.
Experiment 1. Plants were placed on benches with or without independently
programmable bench-top tubing with circulating hot water (Biotherm Benchwarmer kit;
TrueLeaf Technologies, Petaluma, CA) to achieve RZH temperature set-points of 18, 21,
24, and 27 °C. The greenhouse air temperature set-point was a constant 16 °C for plants
receiving RZH. A separate greenhouse with day/night air temperature set-points of
20/18 °C without RZH was used as a commercial control (CC).
Experiment 2. Except where indicated, procedures used in Experiment 2 were as
described in Experiment 1. In Experiment 2, the air temperature set-point for the RZH
treatments was 16 °C after transplant, and RZH was initiated after 10 d after transplant.
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Environmental data collection. Growing medium temperature was measured
using enclosed resistance-based sensors (External Temperature Sensor; Spectrum
Technologies, Inc., Aurora, IL) inserted 5-cm into the medium. Two sensors were used
for each treatment with measurements occurring every 15 s and averages logged every 15
min by a data logger (Watchdog 2800 Weather station; Spectrum Technologies, Inc.). Air
temperature was controlled, monitored, and recorded by the Priva environmental control
system. Leaf temperature was measured in Experiment 1 using infrared temperature
sensors (Temperature/Transmitter model OS136-1; Omega Engineering Inc., Stamford,
CT) of one osteospermum plant per temperature treatment. Shoot-tip temperature was
measured in Experiment 2 using a fine-wire thermistor (Model ST-200; Apogee
Instruments, Inc., Logan, UT) that was inserted into the apical meristem of two
osteospermum plants per treatment, 20 d after transplant; data were logged every 15 s and
averages logged every 15 min by the Priva environmental computer (Experiment 1) and a
data logger (Experiment 2) (Model CR1000; Campbell Scientific, Inc., Logan, UT).
Average medium and air temperatures are reported in Table 3.1. Average leaf and shoottip temperatures are reported in Table 3.2. One quantum sensor (SQ-212; Apogee
Instruments, Inc.) per treatment was placed at plant height to measure PPF every 30 s,
and the average of each sensor was logged every 15 min by a data logger (Watchdog
2800 Weather station; Spectrum Technologies, Inc.). Average daily light integral (DLI) is
reported in Table 3.1.
Plant data collection. Plants were monitored daily and the date of first open
flower was recorded to determine time to flower (TTF) defined as the days from
transplant to the first fully reflexed flower. At first open flower, stem elongation was
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measured as the distance from the medium surface to the growing tip of the longest shoot.
Plants were removed from the container and medium was gently washed off of the roots.
Roots were then excised and roots and shoots were dried separately in an oven at 70 °C
and weighed to determine root dry mass (RDM) and shoot dry mass (SDM).
Experimental design and statistical analysis. Both experiments used a completely
randomized design with temperature treatments (6 levels) as factors. Within each
temperature treatment, 10 experimental units (a single plant in a container) per species
were randomly distributed. Effects of temperature treatments were compared by analysis
of variance (ANOVA) using SAS (SAS version 9.3; SAS Institute, Cary, NC) PROC
MIXED, with an additional program (Arnold M. Saxton, University of Tennessee,
Knoxville, TN) that provided pairwise comparisons between treatments using Tukey’s
honestly significant test (HSD) at P ≤ 0.05. Regression analysis was performed using
Sigma Plot 12.5 (Systat Software, Inc., San Jose, CA).

Results
Marigold. In Experiment 1, TTF grown at an air temperature of 16 °C was
significantly delayed (by 5 to 9 d) compared to those in the CC, regardless of RZH
temperature (Figure 3.1A). Stem elongation, RDM, and SDM were not significantly
influenced by RZH compared to the CC (Figures 2.1D, G, and J). In Experiment 2, TTF
was also significantly delayed for marigold held in a greenhouse for 10 d before receiving
RZH compared to the CC. Time to flower was delayed by 10, 6, 10, 5, and 4 d, as RZH
increased from no RZH to temperature set-points of 27 °C, compared to the CC (Figure
3.1A). Stem elongation was not influenced by RZH (Figure 3.1D). Root dry mass of
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marigold was similar among plants grown with no RZH, the CC, and RZH temperature
set-points of 18, 21, and 27 °C. Shoot dry mass was similar between plants in the CC and
RZH temperature set-points of 18 and 27 °C (Figure 3.1J).
Pansy. In Experiment 1, TTF with RZH was not significantly delayed compared
to the CC, with the exception of plants receiving no RZH, which were delayed 19 d
(Figure 3.1B). Stem elongation and RDM of pansy were not significantly influenced by
RZH compared to the CC. However, SDM was 57% higher for plants receiving no RZH
compared to the CC (Figure 3.1K). In Experiment 2, TTF of pansy receiving RZH was
significantly delayed compared to the CC, with the exception of plants placed on RZH
with a set-point of 27 °C. Compared to the CC, TTF was delayed by 28, 14, 13, and 18 d,
as RZH increased from no RZH to a temperature set-point of 24 °C, respectively (Figure
3.1B). Stem elongation was similar for all treatments (Figure 3.1E). RDM and SDM of
plants receiving no RZH were greater than that in all other treatments. For example,
RDM and SDM of pansy with no RZH were 70% and 58% higher, respectively,
compared to the CC (Figures 3.1H and K).
Petunia. In Experiment 1, TTF of petunia decreased nearly linearly as RZH
increased (Figure 3.2A). For example, as RZH increased from no RZH to a set-point of
27 °C, TTF decreased by 16, 13, 11, 6, and 4 d, respectively, compared to the CC (Figure
3.1C). Stem elongation was similar for all treatments (Figure 3.1F). RDM was similar for
petunia placed on RZH set-points of 21, 24, 27 °C and the CC. However, RDM increased
by 56% and 63% for those plants grown with no RZH and 18 °C RZH set-point,
respectively, compared to the CC (Figure 3.1I). As RZH increased from no RZH to a
temperature set-point of 27 °C, SDM increased by 54, 20, 28, 36, and 12%, respectively,
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compared to the CC (Figure 3.1L). In Experiment 2, TTF of petunia held for 10 d before
receiving RZH of 18, 21, 24, or 27 °C were delayed by 16, 12, 14, and 11 d, respectively,
compared to the CC (Figure 3.1C). Stem elongation of petunia was not influenced by
RZH. However, stem elongation of petunia grown with no RZH increased by 32%
compared to the CC (Figure 3.1F). Root dry mass was similar between plants on the
warmest RZH set-point and the CC. However, RDM increased by 76, 68, 41, and 66% as
RZH increased from no RZH to a temperature set-point of 24 °C, respectively, compared
to the CC (Figure 3.1I). Shoot dry mass was similar for plants on benches with RZH setpoints of 21, 24, and 27 °C and the CC. However, SDM increased by 67% and 58% for
plants receiving no RZH and 18 °C RZH set-point, respectively, compared to the CC
(Figure 3.1L).
Snapdragon. In Experiment 1, regardless of RZH temperature set-point, TTF was
delayed by ≈14 d compared to the CC (Figure 3.3A). Stem elongation of snapdragon
receiving no RZH was 16% greater than plants in the CC (Figure 3.3D). Regardless of
RZH temperature set-points, RDM increased by ≈60% compared to the CC (Figure
3.3G). Shoot dry mass with RZH was 35% to 55% greater than plants in the CC (Figure
3.3J). In Experiment 2, TTF was delayed by 16 to 31 d for all RZH treatments compared
to the CC (Figure 3.3A). Stem elongation of plants under the two warmest RZH benches
was similar to the CC (Figure 3.3D). Root dry mass increased by ≈55% for all plants on
RZH, compared to the CC (Figure 3.3G). As RZH increased from no RZH to a
temperature set-point of 27 °C, SDM increased by 61, 58, 55, 47, and 42%, respectively,
compared to the CC (Figure 3.3J).

59
Osteospermum. In Experiment 1, TTF was delayed by ≈10 d when plants received
RZH, compared to those in the CC (Figure 3.3B). Stem elongation was similar among
plants placed on the two warmest RZH treatments and the CC (Figure 3.3E). Root dry
mass of osteospermum was 35% to 55% greater when receiving no RZH or RZH setpoints from 18 to 27 °C compared to the CC (Figure 3.3H). Similarly, SDM increased by
33% to 55% with RZH compared to the CC (Figure 3.3K). In Experiment 2, TTF of
osteospermum plants held in a greenhouse with a reduced air temperature of 16 °C for 10
d before receiving RZH treatments were significantly delayed (by 10 to 24 d) compared
to the CC (Figure 3.3B). Stem elongation of osteospermum was significantly influenced
by RZH (Figure 3.3E). Root dry mass was reduced by 53%, 35%, and 33% when plants
were grown on RZH set-points of 21, 24, and 27 °C, respectively, compared to the CC
(Figure 3.3H). Shoot dry mass was similar between the CC and RZH temperature setpoints of 21, 24, and 27 °C. For plants receiving no RZH or RZH temperature set-point of
18 °C, SDM increased by 19% and 21%, respectively, compared to the CC (Figure 3.3K).
Verbena. In Experiment 1, TTF was delayed by 7 to 11 d with RZH compared to
the CC (Figure 3.3C). Stem elongation was not influenced by RZH (Figure 3.3F). As
RZH increased from no RZH to a temperature set-point of 27 °C, RDM was 71, 64, 40,
55, and 35% greater, respectively, compared to the CC (Figure 3.3I). Similarly, SDM was
57, 54, 45, 44, and 36% greater as RZH increased from no RZH to a temperature setpoint of 27 °C, respectively, compared to the CC (Figure 3.3L). In Experiment 2, TTF of
verbena was delayed from 31 to 13 d as RZH increased from no RZH to a temperature
set-point of 27 °C, respectively, compared to the CC (Figure 3.3C). Stem elongation was
not influenced by RZH. Verbena RDM was similar when plants were grown in the CC
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and on RZH set-points of 21, 24, and 27 °C. However, RDM increased by 53% and 40%
for plants grown with no RZH and 18 °C RZH set-points, respectively, compared to the
CC (Figure 3.3I). Shoot dry mass increased by 36, 45, 34, 22, and 21% as RZH
temperature set-points increased from no RZH to 27 °C, respectively, compared to the
CC (Figure 3.3L).
Seed impatiens. In Experiment 1, TTF of seed impatiens was delayed by 25, 14,
11, and 8 d, as RZH temperature set-points increased from no RZH to 27 °C,
respectively, compared to the CC. Stem elongation was similar for impatiens in the CC
and all RZH treatments, however plants not receiving RZH were ≈13% taller than those
in the CC (Figure 3.4D). Root dry mass was not influenced by RZH (Figure 3.4G). As
RZH set-points increased from no RZH to 24 °C, SDM increased from 30% to 53%,
compared to the CC (Figure 3.4J). In Experiment 2, TTF of seed impatiens was delayed
by 30, 18, 19, 22, and 15 d as RZH temperature set-points increased from no RZH to
27 °C, respectively, compared to the CC. Stem elongation increased by 17, 16, and 16%
for plants grown with no RZH and RZH temperature set-points of 18 and 21 °C,
respectively, compared to the CC (Figure 3.4D). RDM and SDM were not influenced by
RZH (Figures 4.4G and J).
New Guinea impatiens. In Experiment 1, TTF of New Guinea impatiens in the CC
occurred after 70 d and no plants in the other treatments were in flower after 77 d (Figure
3.4B). In Experiment 2, New Guinea impatiens arrived with flower buds already
initiated; therefore, no data were collected.
Vinca. In Experiment 1, TTF of vinca was delayed by 8 d for RZH temperature
set-points of 21 °C compared to the CC (Figure 3.4C). No plants flowered after 77 d
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when grown with no RZH and RZH set-point of 18 °C, therefore data were not collected
for plants in those treatments. Stem elongation, RDM and SDM of vinca increased when
plants were placed under RZH temperature set-points of 27 °C, compared to the CC. In
Experiment 2, vinca seedlings experienced chilling injury during shipment; therefore,
data was not collected.
Discussion
Plant temperature is influenced by the transfer of energy between the plant tissue
and the environment. Plants exchange energy with their environment through the
absorption of solar (short-wave) radiation, re-radiated infrared (long-wave) radiation,
convection, conduction, and through the evaporation of moisture from the leaf surface
(Hicklenton and Heins, 1997). The environmental and cultural factors that influence plant
temperature during the day are air temperature, irrigation water temperature and volume,
horizontal air-flow fans, growth-medium temperatures, along with solar or supplemental
light that is not absorbed by the plant for photosynthesis. During the night, plant
temperature decreases from a loss of thermal long-wave infrared radiation and convection
(Blanchard and Runkle, 2011). The dynamic nature of energy transfer within a
greenhouse makes controlled-environment studies investigating temperature effects
difficult to perform and replicate. However, in the current study, air temperatures were
maintained to within 1 °C of the set-points for both RZH experiments and the CC (Table
3.1). Additionally, medium temperatures were maintained to within 1 °C for all RZH setpoints, with the exception of the 27 °C treatment. The design of our RZH system only
opened solenoids to circulate hot water when the medium temperature dropped below the
programmed set-point. Since the system was unable to achieve the set-point of 27 °C, hot
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water was continuously being circulated below the containers throughout most of the
experiment. This may have further increased radiated heat to increase shoot tip
temperatures, as we observed an increase of ≈1°C in the shoot tip with the 27 °C RZH
set-point compared to the 24 °C set-point (Table 3.2).
Shoot tip temperature controls the rate of development in plants, and to a lesser
degree, development is influenced by the temperature of roots or leaves (Faust and Heins,
1998; Harris and Scott, 1969). One of the major benefits of using RZH is the proximity of
the heat source to the crop. Placing the heat source below the container allows the
medium, roots, and lower stem to be heated through convection and conduction, while
warm air rises and increases the shoot-tip temperature through convection (Bartok, 2006).
In our study, reducing ADT by ≈3 °C (Table 3.1) in combination with an elevated RZH
temperature set-point of 27 °C resulted in leaf (Experiment 1) and shoot tip (Experiment
2) temperatures that were within 1 °C of the CC (Table 3.2). However, these data were
only collected for one species. Notwithstanding this limitation, having a RZH
temperature set-point of 27 °C reduced the TTF of all species investigated as much or
more than any other RZH temperature. For example, in Experiment 1, flowering of
petunia and marigold were delayed by 4 and 5 d, respectively, compared to the CC.
However, even by achieving shoot-tip temperatures that were within 1 °C of the CC,
there were significant delays in TTF for several other cold-tolerant, -intermediate and sensitive species that we investigated. Compared to the CC, snapdragon, osteospermum,
and verbena were delayed by 14, 9, and 9 d, respectively, even with a medium
temperature set-point of 27 °C. This indicates that several of the bedding plant species we
investigated may not be suitable for production using RZH in combination with reduced
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air temperatures if a flowering delay is not acceptable. Additionally, the TTF data from
Experiment 2 indicate that early placement on RZH is necessary to avoid further delays
in TTF.
Time to flower is a very important characteristic to measure for commercial
bedding plant production since crop scheduling is based largely on the ADT of the plant
throughout the production cycle (Blanchard and Runkle, 2011). Stem elongation is
another important attribute for bedding plants because they are considered high-quality
when they are compact, fill the container, and are well-branched (Faust, 2011). For the
most part, elevated RZH temperatures did not influence stem elongation as it was not
statistically different for the majority of the species in Experiment 1 or 2. However,
snapdragon was generally taller when grown at lower medium temperatures in
Experiment 2. For example, plants were 10, 6, and 6 cm taller when grown with no RZH
and RZH temperature set-points of 18 and 21 °C, compared to the CC (Figure 3.3D).
This was likely the result of TTF being delayed by ≈24 d. As time to flower decreases,
node number below the first open flower often increases, which generally makes the plant
taller at TTF. For example, as temperature decreased from 23 to 14 °C, the number of
nodes below the first open flower of snapdragon ‘Liberty Classic Cherry’ increased from
11 to 14 (Vaid and Runkle, 2013). In our study, we found similar results for the number
of nodes that developed below the first open flower of snapdragon. For example, in
Experiment 2, node number increased by ≈3 for snapdragon grown with no RZH and
RZH temperature set-points of 18 and 21 °C, compared to the CC (data not reported).
Plant growth, defined as an irreversible increase in plant size, is a function of
biomass production driven by photosynthesis (Heins et al., 2000). Therefore, SDM at
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flowering generally increases as production time is lengthened due to a delay in TTF. In
both Experiment 1 and 2, aside from marigold in Experiment1 and seed impatiens in
Experiment 2, all species increased in SDM as TTF increased (Figures 3.1J–L, 3.3J–L,
and 3.4J–L). Root dry mass generally increases as medium temperature increases, until a
growing medium To is reached, above which RDM is reduced (McMichael and Burke,
1998). In our study, this was not observed, likely because the plants receiving increased
RZH temperatures were harvested earlier due to faster developmental rates. If the plants
were harvested at the same time, an increase in RDM could have been observed until a
growing media To was reached. Additionally, in Experiment 1, a statistically nonsignificant trend of reduced RDM for pansy seemed apparent with increasing RZH
temperature (Figure 3.1D). It is likely that this crop, along with other cold-tolerant crops,
has a low growing medium To, resulting in inhibition of root growth with RZH
temperatures above the To (McMichael and Burke, 1998). We observed a general
decrease or no change in RDM as RZH temperature set-points increased from no RZH to
27 °C. Additionally, RDM of plants grown in the CC was lower than with RZH. Similar
to SDM, the CC and warmer RZH temperature set-points had decreased TTF and
therefore spent less time accumulating biomass, resulting in reduced RDM.
The goal of using RZH in combination with reduced air temperatures is to reduce
overall energy consumption used to heat a greenhouse. Therefore, we used Virtual
Grower computer software (USDA, 2014) to estimate potential energy savings that a
grower may achieve by producing a petunia crop in a 929 m2 double-polyethylene
greenhouse located in Indianapolis, IN with projected market dates of 10 March, 10
April, or 10 May. The program predicted that a grower could reduce heating costs by 8,
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15, or 13%, respectively, by reducing the air temperature from 20/18 °C (day/night) to a
constant 16 °C with an added 4 d of production. These energy savings estimates are
reduced for every day the crop is delayed at the reduced air temperature, and at a certain
point, any savings that could be achieved by lowering the air temperate would be
negated. We used petunia as a model crop using Virtual Grower because of the short
delay in TTF compared to the CC. However, if we use osteospermum as a model,
production time at the reduced air temperature is increased by 9 d, resulting in an
estimated 3% increase in heating costs for the 10 March market date and a 9 and 2%
savings for the 10 April and 10 May market dates, respectively. Unfortunately, with the
RZH system used, we were unable to effectively quantify the amount of energy that
would be necessary to operate the boiler to heat the root-zone to 24 or 27 °C. The fact
that we were unable to quantify these important factors limits the ability to estimate the
actual energy savings of using RZH.

Conclusion
This study indicates that several bedding plant crops may not be produced more
energy efficiently using RZH in combination with reduced air temperatures compared to
conventional greenhouse heating regimens. However, the results indicate that further
research should be performed on petunia cultivars to determine if this species can be
efficiently produced using RZH in combination with reduced air temperatures. The fact
that we were unable to quantify the amount of energy needed to operate a boiler limited
our ability to estimate the actual energy savings of using RZH. However, for growers
who have RZH systems installed, this study provides medium temperature set-points
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needed to grow bedding plants under reduced air temperatures. This study may also help
growers who already have a system installed select crops that respond positively and
avoid crops that we found not to benefit from RZH.

67
Literature Cited

Bartok, J. 2006. Grower 101: Exploring under bench heating option. Greenhouse Product
News (10)16:54–58.

Blanchard, M.G., E.S. Runkle, and P.R. Fisher. 2011. Modeling plant morphology and
development of petunia in response to temperature and photosynthetic daily light integral.
Scientia Hort. 129:313–320.

Blanchard, M. and E. Runkle. 2011. Temperature, p. 67−81. In: Nau, J. (ed.), Ball
Redbook, vol. II, 18th ed. West Chicago, IL.

Brumfield, R. 2007. Dealing with rising energy costs. Greenhouse Product News
17(3):24–31.

Brumfield, R.G., A.J. Both, and G. Wulster. 2009. How are greenhouse growers coping
with rising energy costs? Rutgers Farm Management Newsletter 9(2):1–4.

Christenbury, G.D. 1990. Energy management with root-zone heating. Clemson
Cooperative Extension Services EC 662:1–13.

Faust, J.E. 2011. Light, p. 83-94. In: Nau, J. (ed.), Ball Redbook, vol. II, 18th ed. West
Chicago, IL.

68
Faust, J.E. and R.D. Heins. 1998. Modeling shoot-tip temperature in the greenhouse
environment. J. Amer. Soc. Hort. Sci. 123:208–214.

Frantz, J.M., B. Hand, L. Buckingham, and S. Ghose. 2010. Virtual grower: software to
calculate heating costs of greenhouse production in the United States. HortTechnology
20:778–785.

Harris, G.P. and M.A. Scott. 1969. Studies on the glasshouse carnation: Effects of light
and temperature on the growth and development of the flower. Ann. Bot. 33:143–152.

Heins, R.D., B. Liu, and E.S. Runkle. 2000. Regulation of crop growth and development
based on environmental factors. Acta Hort. 511:13−22.

Hicklenton P.R. and R.D. Heins 1997. Temperature, p. 31–41. In: Langhans R.W. and
T.W. Tibbitts (ed.), Plant growth chamber handbook. Iowa State University, Ames, IA.

Jenkins, B.M., R.M. Sachs, and G.W. Forister. 1988. A comparison of bench-top and
perimeter heating of greenhouses. California Agriculture 13–15.

Kaczperski, M.P., W.H. Carlson, and M.G. Karlsson. 1991. Growth and development of
Petunia ×hybrida as a function of temperature and irradiance. J. Amer. Soc. Hort. Sci.
116:232–237.

69
Langton, A., C. Plackett, and H. Kitchener. 2006. Energy saving in poinsettia production.
Hort. Dev. Council Factsheet 7:1–12.

McMichael, B.L. and J.J. Burke. 1998. Soil temperature and root growth. HortScience
33:947–951.

Roberts, E.H. and R.J. Summerfield. 1987. Measurement and prediction of flowering in
annual crops, p. 17–50. In: Atherton, J.G. (ed.). Manipulation of Flowering.
Butterworths, London, UK.

Sachs, R.M., I. Sisto, B.M. Jenkins, and G.W. Forister. 1992. Plant response and energy
savings for bench-top-heated greenhouses. Scientia Hort. 49:135–146.

United States Department of Agriculture (USDA). 2014. Virtual Grower 3.0. 12 May
2014. <http://www.virtualgrower.net>

United States Department of Agriculture (USDA). 2012. Census of Agriculture. 10 May
2014. <http://www.agcensus.usda.gov/Publications/2012/Full_Report/Volume_1,
Chapter_1_US/st99_1_041_042.pdf>

Vaid T.M. and E.S. Runkle. 2013. Developing flowering rate models in response to mean
temperature for common annual ornamental crops. Scientia Horti. 161:15−23.

70

Table 3.1. Average greenhouse air temperature for root-zone heating (RZH) treatments with a reduced air temperature set-point of
16 °C and commercial control (CC) with an air temperature set-point of 20/18 °C (day/night) without RZH; average medium
temperatures of plants receiving (no RZH), or RZH set-points of 18, 21, 24, or 27 °C, and CC; average daily light integral (DLI)
for RZH and CC for Experiment 1 (2013) and Experiment 2 (2014); Data are means (± standard deviation) of average values
recorded every 10 or 15 min.
Month

Feb.
March
April

Air temperature
(°C)
RZH
CC
15.6
(± 0.7)
15.7
(± 0.6)
16.7
(± 1.8)

18.9
(± 1.0)
18.9
(± 1.0)
19.2
(± 1.2)

no RZH
15.3
(± 0.8)
15.3
(±0.7)
17.3
(± 1.4)

Average medium temperature (°C)
RZH temperature set-points (°C)
18
21
24
27
Experiment 1 (2013)
17.5
(± 0.6)
17.4
(± 0.7)
18.8
(± 1.1)

21.4
(± 0.3)
21.2
(± 0.3)
21.6
(± 0.5)

24.4
(± 0.6)
24.7
(± 0.4)
24.8
(± 0.8)

CC

Average DLI
(mol∙m−2∙d−1)
RZH
CC

25.1
(± 1.0)
25.7
(± 0.6)
25.8
(± 1.1)

18.8
(± 0.5)
18.3
(± 0.7)
19.9
(± 0.9)

12.5
(± 1.0)
11.8
(± 1.2)
12.5
(± 1.3)

12.8
(± 1.9)
12.5
(± 2.5)
13.3
(± 2.3 )

23.5
(± 0.7)
24.8
(± 1.5)
24.6
(± 0.8)

18.8
(± 0.3)
19.4
(± 0.4)
19.1
(± 0.6)

13.5
(± 1.7)
12.8
(± 0.9)
13.6
(± 0.8)

12.0
(± 1.7)
13.6
(± 2.1)
13.5
(± 1.2)

Experiment 2 (2014)
Jan.
Feb.
March

15.3
(± 0.7)
15.3
(± 0.7)
15.6
(± 0.7)

19.2
(± 1.0)
19.3
(± 1.0)
19.4
(± 1.1)

15.8
(± 0.4)
15.7
(± 0.6)
14.7
(±0.5)

17.7
(± 0.2)
17.7
(± 0.5)
17.2
(± 0.8)

22.0
(± 0.6)
22.4
(± 1.5)
20.6
(± 0.7)

22.8
(± 1.2)
24.5
(± 1.5)
24.2
(± 0.7)
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Table 3.2. Average leaf or shoot-tip temperature of plants placed on benches without (no
RZH) or with root-zone heating (RZH) temperature set-points of 18, 21, 24, and 27 °C
with a reduced air temperature set-point of 16 °C and a separate commercial control (CC)
with an air temperature set-point of 20/18 °C (day/night) without RZH, for Experiment 1
(2013) and Experiment 2 (2014); Data are mean leaf temperature (2013) and shoot tip
temperature (2014) (± standard deviation) of average values recorded every 10 or 15 min.
Month
no RZH
Feb.
March
April

13.5
(± 2.5)
14.6
(±2.6)
―

Plant temperature (°C)
RZH temperature set-points (°C)
18
21
24
27
Experiment 1 (2013)
14.6
(± 1.7)
15.0
(± 1.6)
15.8
(± 2.1)

15.4
(± 1.3)
15.5
(± 1.3)
16.2
(± 1.9)

15.5
(± 1.8)
15.5
(± 3.8)
―

CC

16.4
(± 1.7)
16.6
(± 1.8)
17.5
(± 2.8)

17.9
(± 2.1)
17.9
(± 2.2)
19.1
(± 2.2)

Experiment 2 (2014)
Jan.

―

―

―

―

―

―

Feb.

15.0
(± 1.7)

14.5
(± 0.9)

15.0
(± 1.0)

16.1
(± 1.0)

17.1
(± 1.3)

18.0
(± 1.3)

March

13.0
(± 1.3)

13.8
(± 1.6)

15.0
(± 1.1)

15.4
(± 1.0)

16.5
(± 1.2)

17.6
(± 1.3)
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Figure 3.1. Time to flower, stem elongation, root dry mass, and shoot dry mass for
marigold, pansy, and petunia placed on benches without (no RZH) or with root-zone
heating (RZH) temperature set-points of 18, 21, 24, and 27 °C with a reduced air
temperature set-point of 16 °C and a separate commercial control (CC) with an air
temperature set-point of 20/18 °C (day/night) without RZH. Means sharing a lower case
letter (Experiment 1) and an upper case letter (Experiment 2) are not statistically different
by Tukey’s honestly significant difference test at P ≤ 0.05, error bars indicate ±SE.

73

Figure 3.2. Time to flower and flowering rate for petunia placed on benches without (no
RZH) or with root-zone heating (RZH) temperature set-points of 18, 21, 24, and 27 °C
with a reduced air temperature set-point of 16 °C. Linear regression for both plots were
significant at P ≤ 0.001.
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Figure 3.3. Time to flower, stem elongation, root dry mass, and shoot dry mass for
snapdragon, osteospermum, and verbena placed on benches without (no RZH) or with
root-zone heating (RZH) temperature set-points of 18, 21, 24, and 27 °C with a reduced
air temperature set-point of 16 °C and a separate commercial control (CC) with an air
temperature set-point of 20/18 °C (day/night) without RZH. Means sharing a lower case
letter (Experiment 1) and an upper case letter (Experiment 2) are not statistically different
by Tukey’s honestly significant difference test at P ≤ 0.05, error bars indicate ±SE.
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Figure 3.4. Time to flower, stem elongation, root dry mass, and shoot dry mass for seed
impatiens, New Guinea impatiens, and vinca placed on benches without (no RZH) or
with root-zone heating temperature set-points of 18, 21, 24, and 27 °C with a reduced air
temperature of 16 °C and a separate commercial control (CC) with an air temperature of
20/18 °C (day/night) without RZH. Means sharing a lower case letter (Experiment 1) and
an upper case letter (Experiment 2) are not statistically different by Tukey’s honestly
significant difference test at P ≤ 0.05, error bars indicate ±SE. Treatments with missing
columns indicate that 50% of the crop did not flower in under 11 weeks.
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DAILY LIGHT INTEGRAL AND LIGHT QUALITY FROM SOLE-SOURCE LIGHTEMITTING DIODES IMPACT GROWTH, MORPHOLOGY, AND ANTHOCYANIN
CONTENT OF BRASSICA MICROGREENS

Abstract
Multi-layer vertical production systems using sole-source (SS) lighting can be used for
microgreen production; however, traditional SS lighting can consume large amounts of
electrical energy. Light-emitting diodes (LEDs) offer many advantages over conventional
light sources including: high photoelectric conversion efficiencies, narrow-band spectral
light quality, low thermal output, and adjustable light intensities. The objectives of this
study were to: 1) quantify the effects of SS LEDs of different light qualities and
intensities on growth, morphology and phytochemical content of Brassica microgreens;
and 2) quantify the electrical energy required to operate SS LEDs of different light
qualities and intensities. Purple kohlrabi (Brassica oleracea L. var. gongylodes), mustard
(Brassica juncea L. Czern. ‘Garnet Giant’), and mizuna (Brassica rapa L. var. japonica)
were grown in hydroponic tray systems placed on multilayer shelves in a walk-in growth
chamber. A daily light integral (DLI) of 6, 12, or 18 mol·m–2·d–1 was achieved from SS
LED arrays with light ratios (%) of red:green:blue 74:18:8 (R74:G18:B8), red:blue 87:13
(R87:B13), or red:far-red:blue 84:7:9 (R84:FR7:B9) with total photon flux (TPF) from 400
to 800 nm of 105, 210, or 315 µmol·m–2·s–1 for 16-h. Regardless of light quality, as
DLincreased from 6 to 18 mol·m–2·d–1, hypocotyl length decreased and percent dry
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weight increased for kohlrabi, mustard, and mizuna microgreens. With increasing DLI,
leaf area of kohlrabi generally decreased and relative chlorophyll content increased.
Additionally, an increased DLI and light ratios of R87:B13 or R84:FR7:B9, significantly
increased total anthocyanins of kohlrabi compared with those grown under R74:G18:B8.
However, regardless of light quality, as DLI increased, electrical energy consumption
progressively increased. The results from this study can help growers select light qualities
and intensities from SS LEDs to achieve preferred growth characteristics of Brassica
microgreens.

Introduction
Microgreens and baby greens are vegetables and herbs consumed at a young
growth stage; they are a relatively new specialty crop appearing in upscale markets and
restaurants. The main difference is that microgreens are harvested at the base of the
hypocotyl when the first set of true leaves start to emerge and baby greens are harvested
after the first true set of leaves develop, generally ≥21 d after germination (Treadwell et
al., 2010). Microgreens are mainly used by chefs and consumers to enhance the flavor,
color, and texture of foods (Treadwell et. al., 2010). Additionally, several species of
microgreens contain high concentrations of health-promoting phytochemicals (Xiao et
al., 2012). Commercial greenhouse growers have recently become interested in producing
microgreens because of their potential high market value. Prices currently range from
US$60 to $100 per kg wholesale for cut or growing microgreens packaged in clamshell
containers (Resh, 2013; Treadwell et al., 2010). Microgreens of the genus Brassica have
become a popular choice by growers due to the ease of germination and relatively short
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production time (7 to 21 d), as well as offering intense flavors and a variety of colors
(Xiao et al., 2012).
Several commercial growers are currently producing microgreens in greenhouses
using soilless media in trays, or hydroponically, using capillary mats placed in troughs,
similar to the nutrient film technique (NFT) system. Another technique being used is a
combination of hydroponics and sole-source (SS) lighting in multi-layer vertical growing
systems (Resh, 2013). Multi-layer vertical growing systems using SS lighting were first
developed and implemented commercially in Japan in the early 2000’s (Goto, 2012).
Fluorescent lamps were initially used as a light source, however, growers started
replacing fluorescent lamps with light-emitting diodes (LEDs) in the late 2000’s in
several operations as LED efficiency increased and prices decreased, which made them
more economically viable (Goto, 2012). Several commercial multi-layer vertical growing
systems are now operational in the U.S. and SS LEDs are used, at least in part, in several
operations (personal communication, Chris Higgins).
Multi-layer vertical growing operations have substantial energy costs due to the
amount of electrical energy required for SS lighting and temperature management (Goto,
2012). Light-emitting diodes offer many advantages over conventional light sources
including: high photoelectric conversion efficiencies, narrow band spectral distribution,
low thermal output, and adjustable light intensities (Yeh and Chung, 2009). As of 2012,
the most efficient blue and red LEDs were 50 and 38% efficient, respectively, at
converting electrical energy to light (Philips Lumileds, 2012). These numbers are
projected to increase as technology and research continue to improve. An observation and
forecast for the improvement of LEDs, termed Haitz’ law, states that light intensity and
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efficiency have grown by a factor of 20 each decade, while prices have decreased by a
factor of 10 (Morrow, 2008). Additionally, if this technology successfully replaces
several existing horticultural lighting technologies, economies of scale will further reduce
prices, making it a more affordable option for SS and supplemental lighting (Morrow,
2008).
Another potential benefit of using LEDs is the ability to select light qualities that
have beneficial effects on growth, photomorphogenesis, and health-promoting
phytochemicals (Goto, 2012). The ability to impact growth and phytochemicals of
Brassica microgreens was recently investigated using SS LEDs at different light
intensities. Samuoliené et al. (2013) grew four species of Brassica microgreens in a
growth chamber under LED arrays providing a photosynthetic photon flux (PPF) of 110,
220, 330, 440, or 545 µmol·m–2·s–1 with a light ratio (%) of red:far-red:blue 91:1:8
(R91:FR1:B8). The authors reported that a PPF ≥330 µmol·m–2·s–1 significantly reduced
hypocotyl elongation of kohlrabi (Brassica oleracea var. gongylodes ‘Delicacy Purple’),
tatsoi (Brassica rapa var. rosularis), and mustard (Brassica juncea L. ‘Red Lion’), and
increased percent dry weight of red pak choi (Brassica rapa var. chinensis) and tatsoi,
compared to those grown under a PPF of 220 µmol·m–2·s–1. They also reported that total
anthocyanin content of kohlrabi, tatsoi, mustard, and red pak choi grown under 330 to
440 µmol·m–2·s–1 significantly increased, compared to those grown under 220 µmol·m–
2

·s–1.
A separate study was performed to determine the impact of light quality on

growth and phytochemical content of baby greens (Li and Kubota, 2009). Baby leaf
lettuce (Lactuca sativa L. ‘Red Cross’) was grown under SS fluorescent white (W) light
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(control) or W light supplemented with the following LED light quality treatments:
ultraviolet-A (UV-A), blue (B), green (G), red (R), or far-red (FR) light. Photosynthetic
photon flux (400 to 700 nm) was maintained at a constant 305 µmol·m–2·s–1 for all light
qualities. The authors reported that W light supplemented with FR light significantly
increased fresh weight (FW), dry weight (DW), stem length, leaf length, and leaf width,
compared to W light alone. They also reported that baby leaf lettuce grown under W with
UV-A or B light had significantly increased anthocyanin content, compared to those
grown under the W light alone.
While previous reports have indicated that light intensity or light quality from SS
LEDs had an effect on growth and phytochemical content of baby greens and
microgreens, to our knowledge no work has been published on the interaction between
light intensity and quality on growth and phytochemical content of Brassica microgreens.
Additionally, of the studies that have been conducted, very few report electrical energy
use. Therefore, the objectives of this study were to quantify the effects of SS LEDs
providing different light intensities and qualities on: 1) growth, morphology, and
phytochemical content of Brassica microgreens; and 2) the electrical energy consumed.

Materials and Methods
Plant material and culture. A hydroponic tray system for microgreen culture was
created by using (50.8 cm × 24.7 cm × 0.89 cm) polyethylene terephthalate fiber pads
(Sure to Grow, Beachwood, OH) placed in (52 cm × 26 cm × 6 cm) trays without
drainage holes. Pads were initially hydrated with 350 mL of a calcium chloride solution
in DI water to provide 100 mg·L–1 calcium. Nine tray systems were created for each
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species by sowing 25 g of purple kohlrabi (Brassica oleracea L. var. gongylodes), 15 g of
mustard (Brassica juncea L. Czern. ‘Garnet Giant’) or 15 g of mizuna (Brassica rapa L.
var. japonica) (Johnny’s Selected Seeds, Fairfield, ME) seeds evenly onto each hydrated
pad. An additional 100 mL of calcium chloride solution was added to each tray for 5 d.
Once cotyledons were fully reflexed 5 d after sowing, ± 300 mL of a 25% Hoagland’s #1
nutrient solution (Hoagland and Arnon, 1950) was added to each tray daily to provide (in
mg·L–1) 53 nitrogen (N), 8 phosphorus (P), 59 potassium (K), 50 calcium (Ca), 12
magnesium (Mg), 0.5 iron (Fe), 0.13 manganese (Mn), 0.01 zinc (Zn), 0.005 copper (Cu),
0.13 boron (B), and 0.002 molybedenum (Mo) until harvest.
Growth chamber environment. Trays were placed on stainless steel shelves in
three vertical layers in a walk-in growth chamber (C5 Control System; Environmental
Growth Chambers, Chagrin Falls, OH) on 28 July, 18 Aug., and 11 Sept. 2014 to
germinate in darkness under average daily temperatures (ADT), relative humidity (RH),
and carbon dioxide (CO2) concentrations of 21 ± 0.1 °C, 80 ± 0.5%, and 500 ± 21 ppm,
respectively. After germination, air temperature set points were changed to 21/17 °C
day/night (16 h/8 h), RH was changed to 50/60% day/night, and CO2 concentration was
maintained at 500 ppm ± 21. Average air temperature, RH, and CO2 concentrations were
logged every 15 min by a data logger (DL1 Datalogger; Environmental Growth
Chambers) and means ± standard deviation of each experimental replication are reported
in Table 4.1.
Sole-source LED lighting. Light-emitting diode modules providing light ratios of:
red:green:blue 74:18:8 (R74:G18:B8), red:blue 87:13 (R87:B13), or red:far-red:blue 84:7:9
(R84:FR7:B9) (Philips GreenPower LED production modules; Koninklijke Philips

82
Electronics, N.V., Netherlands) were mounted to nine stainless steel shelves (123-cm
long and 61-cm wide). Non-reflective blackout cloth was used to prevent light pollution
between treatments. Average total photon flux (TPF) from 400 to 800 nm of 105, 210, or
315 µmol·m–2·s–1 was achieved by mounting 2, 4, or 6 modules, spaced 20.3, 12.2, or 8.6
cm apart, respectively, and ≈38 cm above the crop canopy. A 16-h (0600 to 2200 HR)
photoperiod provided plants with a daily light integral (DLI) of 6, 12, or 18 mol·m–2·d–1,
respectively. Light quality and TPF from 400 to 800 nm was measured at the beginning
and confirmed at the end of each experimental replication by taking nine individual
spectral scans per treatment using a spectroradiometer (PS-100; Apogee Instruments Inc.,
Logan, UT). Electrical energy consumption (kWh·d-1) of SS LEDs was measured using
three energy meters (P440 Kill A Watt; P3 International Corp., New York, NY) per light
quality and intensity. Spectral light quality of each SS light treatment are reported in
Figure 4.1. Average TPF and DLI are reported in Table 4.2, and average kWh·d-1 are
reported in Table 4.3.
Growth and morphology measurements. Growth and morphology data were
collected for kohlrabi, mustard, and mizuna, 10, 14, and 15 d after seed sowing,
respectively. Ten seedlings of each species were randomly selected and measured to
determine hypocotyl length (HL), leaf area (LA), and relative chlorophyll content for
each SS LED treatment. Hypocotyl length was measured from the base of the hypocotyl
to the shoot apical meristem using a digital caliper (DigiMax; Wiha, Schonach,
Germany). Leaf area was measured using a leaf area meter (LI-3100; LI-COR Inc.,
Lincoln, NE). Relative chlorophyll content (RCC) was measured using a SPAD meter
(SPAD-502; Konica Minolta Sensing, Inc., Osaka, Japan). Ten collective samples each
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comprised of 10 randomly selected seedlings per species were used to determine fresh
(FW) and dry weight (DW). Fresh weight was recorded for the 10 collective samples and
then dried separately in an oven at 70 °C and weighed to determine DW. Fresh weight
and DW data were used to report percentage dry weight (DW/FW×100).
Phytochemical measurements. Three collective 5 g FW tissue samples were
randomly collected from trays under each lighting treatment and used to determine total
phenolic content and total anthocyanins. Samples were placed in 50 mL centrifuge tubes,
flash frozen in liquid nitrogen, and freeze-dried using a lyophilizer (FreeZone12,
Labconco Corp., Kansas City, MO). Collective tissue samples were ground into a fine
powder and homogenized using an ice cold mortar and pestle. The freeze-dried samples
were stored at −80 °C prior to extraction.
Phenolic extraction. Phenolic compounds were extracted from 20 mg subsamples
weighed from collective freeze dried tissue by adding 2 mL of an extract solution
comprised of (% v/v) 80:18:2 (methanol: DI water: formic acid). Tissue samples and
extract solution were homogenized using a vortex mixer (Vortex-Genie 2; Scientific
Industries, Inc., Bohemia, NY) at 750 gn for 10 min. Samples were sonicated (Model
50T; VWR Internatinoal, LLC., Radnor, PA) at 30 kHz for 10 min then placed in a
clinical centrifuge (Allegra X-30R Series; Beckman Coulter Inc., Brea, CA) at 16,000 gn
and 4 °C for 5 min. The supernatant was collected and the sample pellet was resuspended in 2 mL of extract solution using the same procedure described above. The
procedure was repeated for a total of three extractions until a colorless supernatant was
obtained. The combined supernatants were dried completely using a nitrogen evaporator
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(N-EVAP 112; Organomation Associates Inc., Berlin, MA) then stored at -80 °C until
analysis.
Total phenolic content. Dried residues were removed from -80 °C storage and resolubilized in 2 mL of (% v/v) 98:2 (formic acid: DI water) prior to analysis. Total
phenolic content was determined using the Folin-Ciocalteau method described in
Ainsworth and Gillespie (2007). The absorbance was measured at 765 nm with a
spectrophotometer (SpectraMax 190 Microplate Reader; Molecular Devices, LLC.,
Sunnyvale, CA) against water as a blank. Total phenolic content was calculated using
gallic acid as a standard, and was reported as gallic acid equivalents (GAE).
Total anthocyanins. Re-solubilized, concentrated extracts underwent solid-phase
extraction (SPE) using 18C SPE cartridges (Oasis HLB cartridge, Waters Corp., Milford,
MA) according to Wang et al. (2013) to purify anthocyanins prior to measurement. Total
anthocyanins were determined using the pH-differential method described in Giusti and
Wrolstad (2001). The absorption values were measured with a spectrophotometer at 520
nm and 700 nm to correct for haze. Total anthocyanins were expressed as cyanidin 3glucoside equivalents using a molar absorptivity () of 26,900 M−1·cm−1 and a molecular
weight of 449.2 g·mol−1.
Experimental design and statistical analysis. The experiment was laid out in a
randomized block design in a factorial arrangement with light intensity (3 levels), light
quality (3 levels), and replication (2 levels) as factors. The experiment was performed
twice over time for each species and data were pooled across replications. Effects of light
intensity and light quality were compared by analysis of variance (ANOVA) using SAS
(SAS version 9.3; SAS Institute, Cary, NC) PROC MIXED, with an additional program
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(Arnold M. Saxton, University of Tennessee, Knoxville, TN) that provided pairwise
comparisons between treatments using Tukey’s honestly significant test (HSD) at P ≤
0.05.

Results and Discussion
Impacts of sole-source LEDs on hypocotyl length. The role of gibberellin (GA) in
the regulation of hypocotyl elongation has been well established. Increased light
intensities have been shown to reduce levels of endogenous GA content of Brassica
seedlings, causing inhibited hypocotyl elongation (Potter et al., 1999). In this study,
regardless of light quality, HL of purple kohlrabi (kohlrabi), mustard, and mizuna
decreased progressively as DLI increased (Figures 3A–C). For example, HL of kohlrabi
grown under light ratios of R84:FR7:B9 decreased 32%, as DLI increased from 6 to 18
mol·m–2·d–1. Samuoliené et al. (2013) reported relatively similar reductions in HL of
kohlrabi grown under light ratios of R91:FR1:B8. The authors reported, as DLI increased
from 6 to 19 mol·m–2·d–1, HL of kohlrabi decreased 33%.
In the current study, HL of kohlrabi, mustard, and mizuna was also significantly
influenced by light quality (Table 4.4). However, the impact of light quality in
combination with DLI varied by species. Hypocotyl length of mustard and mizuna were
only influenced by light quality when grown at a DLI of 12 or 18 mol·m–2·d–1, whereas
HL of kohlrabi was only influenced at 6 mol·m–2·d–1 (Figure 4.2 A–C). While the results
varied by species, HL of kohlrabi, mustard, and mizuna were greater when grown under
R74:G18:B8 LEDs compared to those grown under R87:B13 or R84:FR7:B9 (Figure 4.2 A–C).
For example, HL of mustard and mizuna grown with a DLI of 12 mol·m–2·d–1 and
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R74:G18:B8 LEDs increased 12 and 13%, respectively, compared to R84:FR7:B9 (Figure
4.2C).
The proportion of light in the G waveband could be a possible explanation for
hypocotyl elongation in our study. Light in the B spectral range in combination with R
light has been reported to inhibit extension growth of many species (Wollaeger and
Runkle, 2014). However, G light in combination with R:B light has shown to reverse B
light inhibition of hypocotyl elongation. The mechanisms responsible for this have shown
to be mediated through cryptochrome B light receptors (Zhang and Folta, 2012).
Additionally, Folta (2004) reported that hypocotyl elongation of Arabidopsis thaliana
grown under R, B, or FR light was suppressed within minutes compared to dark-grown
seedlings. However, seedlings grown under monochromatic G light had increased
hypocotyl elongation compared to dark-grown seedlings (Folta, 2004).
Hypocotyl elongation related to light quality is generally caused by a low R:FR
light ratio. Red and FR light are absorbed by phytochrome pigments that exist in two
interconvertable forms. Far-red (700 to 800 nm) and G light pass through leaf tissue more
efficiently than R or B light, causing enrichment of FR and G light in plants grown under
canopies. When a low ratio of R:FR light is absorbed by phytochrome pigments, a shade
avoidance response is triggered to elongate hypocotyls in an attempt to grow above plant
canopies (Zhang and Folta, 2012). In our study HL of kohlrabi and mustard grown with a
DLI of 6 or 18 mol·m–2·d–1, respectively, and light ratio of R84:FR7:B9 increased by 11%
and 14%, compared to plants grown under R87:B13 (Figure 4.2A and B). The addition of
far-red light in LEDs with a light ratio of R84:FR7:B9 reduced the R:FR ratio and may
have influenced a shade avoidance response. Additionally, the proportion of G light in
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LEDs with light ratios of R74:G18:B8 had similar shade avoidance responses. Green light
absorbed by cryptochrome has been shown to cause responses similar to the shade
avoidance response, although the mechanisms are not fully understood (Zhang and Folta,
2012). While there have been extensive studies conducted on the influence of light
quality on HL of individual seedlings, limited work has been published on Brassica
microgreens, which are grown in high densities. This indicates further studies should be
conducted to quantify the effects of light qualities on HL of Brassica microgreens.
Impacts of sole-source LEDs on leaf area. The leaf area of seedlings are generally
increased when grown under low light intensities (Jarvis, 1964). In our study LA of
mustard and mizuna were not significantly influenced by DLI (Figure 4.2E and F).
However, LA of kohlrabi grown under LEDs with light ratios of R87:B13 and R84:FR7:B9
with DLI of 12 or 18 mol·m–2·d–1 were reduced compared to those grown with a DLI of 6
mol·m–2·d–1. For example, LA of kohlrabi grown with a light ratio of R84:FR7:B9
decreased by 28% as DLI increased from 6 to 18 mol·m–2·d–1 (Figure 4.2D). Shade
avoidance response caused by reduced R:FR ratios of light can also cause LA reduction
(Zhang and Folta, 2012). Additionally, LA of seedlings decreased as the R:B light ratio
decreased (Wollaeger and Runkle, 2014). However, in our study, LA of kohlrabi,
mustard, and mizuna within a DLI treatment was not significantly impacted by light
quality (Figure 4.2D–F).
Impacts of sole-source LEDs on percent dry weight. Plant growth, defined as an
irreversible increase in plant size, is a function of biomass production driven by
photosynthesis (Heins et al., 2000). In our study, regardless of light quality, percent DW
of kohlrabi, mustard, and mizuna increased progressively as DLI increased (Figure 4.2G–
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I). For example, percent DW of kohlrabi and mustard increased from 6.7% to 8.7% and
5.0% to 6.7%, respectively, as DLI increased from 6 to 18 mol·m–2·d–1 (Figure 4.2G).
Samuoliené et al. (2013) reported similar increases in percent DW of tatsoi and red pak
choi microgreens as DLI increased. For example, percent DW of tatsoi increased from
4.6% to 5.7% as DLI increased from 6 to 19 mol·m–2·d–1.
In our study, regardless of DLI, percent DW of kohlrabi was not influenced by
light quality. However, percent DW of mustard grown under LEDs with a DLI of 18
mol·m–2·d–1 and light ratio of R84:FR7:B9 increased from 6.2% to 6.9% compared to those
grown under a light ratio of R74:G18:B8 (Figure 2H). Additionally, percent DW of mizuna
grown under LEDs with a light ratio of R84:FR7:B9 and a DLI of 12 mol·m–2·d–1 increased
from 6.5% to 7.5% compared to those grown under a light ratio of R87:B13, respectively
(Figure 2I). To our knowledge, no work has been published on Brassica microgreens to
investigate the effects of light quality on biomass accumulation. However, Li and Kubota
(2009) reported that light quality had significant effects on FW and DW of baby leaf
lettuce, harvested 25 d after germination at the ‘baby green’ growth stage. The authors
reported that FW and DW of baby leaf lettuce significantly increased when grown under
SS fluorescent white (W) lights supplemented with FR LEDs, compared with FW lights
as a control or supplemented with UV-A or red LEDs. In that study, the PPF was 305
µmol·m–2·s–1 for all treatments and did not include 160 µmol·m–2·s–1 of light provided by
FR LEDs. Recent in vitro studies using spinach (Spinacia oleracea) and in vivo studies
using sunflower (Helianthus annuus L.) and bean (Phaseolus vulgaris L.) have reported
that FR light, up to 790 nm, can drive photosynthetic activity in photosystem II (PSII)
(Pettai et al., 2005; Thapper et.al. 2009). Increased photosynthetic activity of baby leaf
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lettuce may have resulted from the additional 160 µmol·m–2·s–1 of FR light, causing
increased FW and DW. In this study, TPF was measured from 400 to 800 nm to include
light qualities in the FR range to ensure light intensity was consistent among SS LED
light treatments. Our results and those by Li and Kubota (2009) indicate that more studies
are needed to clarify the effects of how FR light in SS lighting impacts biomass
accumulation of Brassica microgreens and baby leaf lettuce.
Impacts of sole-source LEDs on relative chlorophyll content. Relative chlorophyll
content of mustard and mizuna was not influenced by DLI or light quality (Table 4.4).
However, RCC of kohlrabi grown under LEDs with a light ratio of R74:G18:B8 and a DLI
of 18 mol·m–2·d–1 increased 11 and 13% compared to those grown under a DLI of 6 or 12
mol·m–2·d–1, respectively (Figure 4.2J). Additionally, kohlrabi grown with a DLI of 12
mol·m–2·d–1 and a light ratio of R84:FR7:B9 increased 15% compared to R87:B13 (Figure
4.2J). Samuoliené et al. (2013) reported a 7% increase in RCC of mustard grown with a
light ratio of R91:FR1:B8, and a DLI of 31 mol·m–2·d–1, compared to a DLI of 6 mol·m–
2

·d–1. While the authors reported a significant increase in RCC of mustard, plants were

grown with a DLI 13 mol·m–2·d–1 greater than our highest light intensity, which is likely
higher than that used for commercial production.
Impacts of sole-source LEDs on total anthocyanin content. Anthocyanin pigments
are responsible for the B or purple colors in plant tissues. Along with influencing color,
anthocyanins may also have health benefits including: increased visual acuity, reduction
of coronary heart disease, as well as antioxidant and anticancer properties (Giusti and
Wrolstad, 2001). Therefore, there is an interest in the anthocyanin content of Brassica
microgreens. In the current study, total anthocyanin content of kohlrabi grown under
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LEDs with a light ratio of R87:B13 increased 17% and 18% when grown with a DLI of 12
or 18 mol·m–2·d–1, respectively, compared to those grown with a DLI of 6 mol·m–2·d–1
(Figure 4.3A). Additionally, total anthocyanin content of kohlrabi grown under LEDs
with a light ratio of R84:FR7:B9 increased by 31% and 24% when grown with a DLI of 12
or 18 mol·m–2·d–1, compared to those grown with a DLI of 6 mol·m–2·d–1. Anthocyanin
content of kohlrabi grown under LEDs with light ratios of R74:G18:B8 increased 14% with
a DLI of 12 mol·m–2·d–1, however, no increase occurred in those grown under a DLI of
18 mol·m–2·d–1 (Figure 4.3A). Additionally, anthocyanin content of kohlrabi grown under
LEDs of different light qualities were not significantly different (at P ≤ 0.05) from one
another with DLI of 6 or 12 mol·m–2·d–1. However, those grown under LEDs with a light
ratio of R74:G18:B8 with a DLI of 12 mol·m–2·d–1, had significantly reduced anthocyanin
content compared to the other the other LED light ratios (Figure 4.3A).
Cryptochrome B is primarily responsible for anthocyanin accumulation in
Arabidopsis seedlings (Bouly et al., 2007). The authors grew cryptochrome (cry1)
deficient seedlings of Arabidopsis under 25 µmol·m–2·s–1 of W light supplemented with
20 µmol·m–2·s–1 of B (470 nm) light and reported anthocyanin accumulation was reduced
≈90% compared to wild type (WT) Arabidopsis. Additionally, the authors added 50
µmol·m–2·s–1 of G light to the W:B light and reported anthocyanin accumulation of cry1
deficient Arabidopsis was not influenced by G light, while the WT Arabidopsis was
reduced ≈25% compared to those grown under W:B light (Bouly et al., 2007). This
indicates that G light negatively influences B light induced anthocyanin accumulation
and confirms the response is mediated by cytochrome, since the cry1 mutant was not
influenced by G light.
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A separate study was conducted to confirm that G light can reverse B mediated
anthocyanin accumulation. Zhang and Folta (2012) grew lettuce (Lactica sativa L. ‘Red
Sails’) in a growth chamber with light ratios of W100, B100, B50:G50, or G100 light at a PPF
of 90 µmol·m–2·s–1 for all light treatments. They reported that anthocyanin accumulation
of lettuce grown under B100 light increased 79%, compared to the W100, while those
grown under a light ratio of B50:G50 had similar anthocyanin accumulation to the W100.
Additionally, those grown under G100 light had reduced anthocyanin accumulation
compared to those grown under W100 (Zhang and Folta, 2012). This indicates G light in
LEDs with a light ratio of R74:G18:B8 may have reduced anthocyanin content of kohlrabi
grown in our study with a DLI of 18 mol·m–2·d–1, compared to those grown under LEDs
with light ratios of R87:B13 and R84:FR7:B9 (Figure 4.3A). To our knowledge there is no
scientific literature indicating the impacts of G light to reverse B light mediated
anthocyanin accumulation at different light intensities. Therefore, further studies need to
be performed to confirm or deny our results.
Impacts of sole-source LEDs on total phenolic content. Total phenolic content is a
measurement of metabolites that contain one or more acidic hydroxyl residues attached to
an aromatic arene (phenyl) ring, which are excellent free radical scavengers
(antioxidants) (Ainsworth and Gillespie, 2007). Free radicals can damage or kill human
cells, which is why antioxidants are an important part of the human diet. The major class
of phenolics present in plants are: flavonoids, anthocyanins, tannins, and
hydroxycinnamic acids (Ainsworth and Gillespie, 2007). In the current study, total
phenolic content of kohlrabi grown under LEDs with a light ratio R74:G18:B8 and a DLI
of 6 mol·m–2·d–1 was 11% lower than those grown with a light ratio of R84:FR7:B9
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(Figure 4.3B). Additionally, kohlrabi grown under LEDs with a light ratio R74:G18:B8 and
a DLI of 18 mol·m–2·d–1 decreased by 9% compared to those grown with a light ratio of
R84:FR7:B9 and a DLI of 6 mol·m–2·d–1 (Figure 4.3B). Our results indicate that light
quality slightly influenced total phenolic content of kohlrabi, while the impacts of DLI
were not significant (Figure 4.3B). Li and Kubota (2009) reported phenolic content of
baby green lettuce increased 6% when grown under W light supplemented with R LEDs,
compared to W. While the influences of light quality were significant in both studies, the
impacts were minimal. High-performance liquid chromatography (HPLC) is a superior
method used to measure phenolic content in plant tissue, as the major classes of phenolics
can be analyzed individually and quantified. If further studies investigate the impacts of
light quality and DLI of Brassica microgreens, we recommend using HPLC to quantify
phenolic content.
Impacts of sole-source LEDs on electrical energy consumption. Electrical energy
consumption (EEC) was not the major focus of this study. However, it is an important
factor for growers using SS LEDs to consider. In our study, LEDs with light ratios of
R74:G18:B8, R87:B13, or R84:FR7:B9 consumed 1.02, 1.03, or 1.03 kWh·d-1, respectively, to
provide a DLI of 6 mol·m–2·d–1 of SS light during a 16 h photoperiod, to an area of 0.75
m2 (Table 4.3). While LEDs with different light ratios had similar EEC to provide a DLI
of 6 mol·m–2·d–1, EEC increased ≈100% to 200% as DLI increased to 12 or 18 mol·m–
2

·d–, respectively, regardless of light ratio (Table 4.3). In our study, we increased the

number of LED arrays above the 0.75 m2 growing area to increase DLI and ensure
uniform light distribution. The inverse square law can also be applied to increase DLI,
without increasing the number of LED arrays. However, if SS LEDs are mounted too
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close to the crop canopy, light quality and intensity will not be evenly distributed to the
growing area, and airflow can be jeopardized. Regardless of the method used to achieve
SS LED light intensities, the results from this study on growth, morphology,
phytochemical, and EEC can be used by growers to select light qualities and intensities
required to achieve preferred growth characteristics of Brassica microgreens.
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Table 4.1. Average air temperature, relative humidity, and CO2 concentration inside a
walk-in growth chamber for the duration of three experimental runs starting on 31 July,
18 Aug., or 11 Sept. 2014. Data are means ± standard deviation of average values
recorded every 15 min.
Treatment initiation
31 July 2014
21 Aug. 2014
14 Sept. 2014

Air temperature
(°C)

Relative humidity
(%)

CO2 concentration
(ppm)

19.7 ± 1.9
19.7 ± 1.9
19.7 ± 1.9

59.4 ± 4.5
59.3 ± 4.6
58.7 ± 4.7

503.0 ± 43.0
502.1 ± 33.2
508.2 ± 61.5
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Table 4.2. Average total photon flux (TPF) from 400 to 800 nm ± standard deviation
(SD) delivered from sole-source (SS) light-emitting diodes (LEDs) with light ratios (%)
of red:green:blue 74:18:8 (R74:G18:B8), red:blue 87:13 (R87:B13), or red:far-red:blue
84:7:9 (R84:FR7:B9) to achieve a daily light integral (DLI) of 6, 12, or 18 mol·m–2·d–1.
Average DLI was calculated during a 16-h photoperiod (0600 to 2200 HR). Kohlrabi were
placed under treatments on 31 July and 18 Aug. 2014. Mustard and mizuna were placed
under treatments on 31 July and 14 Sept. 2014.

DLI treatment
(mol·m–2·d–1)
6

12

18

6

12

18

Average TPF
Light quality
(µmol·m–2·s–1)
treatment (%)
31 July 2014
R74:G18:B8
109.5 ± 24.9
R87:B13
110.6 ± 25.1
R84:FR7:B9
110.8 ± 23.5

Average DLI
(mol·m–2·d–1)
6.3 ± 1.4
6.4 ± 1.4
6.4 ± 1.4

R74:G18:B8
R87:B13
R84:FR7:B9

213.7 ± 33.0
208.2 ± 32.4
211.0 ± 34.2

12.3 ± 1.9
12.0 ± 1.9
12.2 ± 2.0

R74:G18:B8
R87:B13
R84:FR7:B9

18.2 ± 3.2
18.0 ± 3.0
18.3 ± 3.1

R74:G18:B8
R87:B13
R84:FR7:B9

315.7 ± 55.2
313.3 ± 49.3
317.0 ± 53.5
18 Aug. 2014
108.7 ± 24.9
111.7 ± 27.4
104.7 ± 24.1

R74:G18:B8
R87:B13
R84:FR7:B9

217.1 ± 36.1
214.8 ± 34.0
208.5 ± 34.0

12.5 ± 2.1
12.4 ± 2.0
12.0 ± 2.0

R74:G18:B8
R87:B13
R84:FR7:B9

310.2 ± 57.6
314.5 ± 59.5
308.7 ± 54.4

17.9 ± 3.3
18.1 ± 3.4
17.8 ± 3.1

6.3 ± 1.4
6.4 ± 1.6
6.0 ± 1.4
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Table 4.2 continued.

6

12

18

R74:G18:B8
R87:B13
R84:FR7:B9

14 Sept. 2014
106.3 ± 24.9
110.1 ± 26.0
109.9 ± 23.2

6.1 ± 1.4
6.3 ± 1.3
6.3 ± 1.3

R74:G18:B8
R87:B13
R84:FR7:B9

214.5 ± 33.0
207.8 ± 31.1
203.7 ± 35.0

12.4 ± 2.0
12.0 ± 1.8
11.7 ± 2.0

R74:G18:B8
R87:B13
R84:FR7:B9

312.8 ± 56.8
311.7 ± 55.7
306.1 ± 50.4

18.0 ± 3.3
18.0 ± 3.2
17.6 ± 2.9
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Table 4.3. Energy consumption (kWh·d–1) of sole-source (SS) light-emitting diodes
(LEDs) with light ratios (%) of red:green:blue 74:18:8 (R74:G18:B8), red:blue 87:13
(R87:B13), or red:far-red:blue 84:7:9 (R84:FR7:B9) providing a daily light integral (DLI) of
6, 12, or 18 mol·m–2·d–1 and a 16-h photoperiod (0600 to 2200 HR) to a growing area of
0.75 m2. Data are means ± standard deviation (SD) of three energy meters per light
quality and DLI.
Light quality (%)
R74:G18:B8
R87:B13
R84:FR7:B9

Daily light integral (mol·m–2·d–1)
6
12
18
kWh·d-1
1.02 ± 0.04
2.04 ± 0.08
3.06 ± 0.12
1.03 ± 0.02
2.06 ± 0.03
3.10 ± 0.05
1.03 ± 0.04
2.06 ± 0.07
3.09 ± 0.11
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Table 4.4. Analysis of variance (ANOVA) for the effects of daily light integral (DLI), light quality (LQ), or DLI×LQ from solesource (SS) light-emitting diodes (LEDs) on growth and morphology of kohlrabi, mustard and mizuna, and phytochemical content
of kohlrabi.
Kohlrabi
Mustard
Data
DLI
LQ
DLI×LQ
DLI
LQ
DLI×LQ
***z
**
**
***
***
*
Hypocotyl length
***
*
**
Leaf area
NS
NS
NS
***
***
*
Percent dry weight
NS
NS
NS
***
**
Relative chlorophyll
NS
NS
NS
NS
***
***
***
y
Total anthocyanins
―
―
―
***
**
Total phenolics
NS
―
―
―
z
* ** ***
NS, , ,
Not significant or significant at P ≤ 0.05, 0.01, or 0.001, respectively

DLI
***

Mizuna
LQ
***

DLI×LQ
**

NS

*

NS

***

**

*

NS

NS

NS

―
―

―
―

―
―

y

― phytochemical data not collected

102

103

Figure 4.1. Spectral quality delivered from sole-source (SS) light-emitting diode (LED)
arrays with light ratios (%) of red:green:blue 74:18:8 (R74:G18:B8), red:blue 87:13
(R87:B13), or red:far-red:blue 84:7:9 (R84:FR7:B9) at a total photon flux from 400 to 800
nm of 105, 210, or 315 µmol·m–2·s–1 at canopy level.
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Figure 4.2. Hypocotyl length, leaf area, percent dry weight (dry weight/fresh
weight×100), and relative chlorophyll content of kohlrabi, mustard, and mizuna
microgreens placed under daily light integrals (DLI) of 6, 12, or 18 mol·m–2·d–1 delivered
from sole-source (SS) light-emitting diodes (LEDs) with light ratios (%) of
red:green:blue 74:18:8 (R74:G18:B8), red:blue 87:13 (R87:B13), or red:far-red:blue 84:7:9
(R84:FR7:B9). Means sharing a letter are not statistically different by Tukey’s honestly
significant difference test at P ≤ 0.05. Error bars indicate ±SE.
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Figure 4.3. Total anthocyanin (mg/g dry weight) and total phenolic content (mg gallic
acid equivalents (GAE)/g dry weight) of kohlrabi microgreens placed under daily light
integrals (DLI) of 6, 12, or 18 mol·m–2·d–1 delivered from sole-source (SS) light-emitting
diodes (LEDs) with light ratios (%) of red:green:blue 74:18:8 (R74:G18:B8), red:blue
87:13 (R87:B13), or red:far-red:blue 84:7:9 (R84:FR7:B9). Means sharing a letter are not
statistically different by Tukey’s honestly significant difference test at P ≤ 0.05. Error
bars indicate ±SE.

